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ABSTRACT 
1.9 µm fiber lasers offer numerous applications in the area of spectroscopy, 
military and medical field. Thulium doped fiber has been used in order to realize laser 
applications in this region. Various methods have been implemented to achieve high 
output power as well as low threshold pump power for the laser’s applications. Other 
than being used for continuous wave operation, pulse lasers are also important in 
various fields of applications including high-precision material processing, bio-
medicine and ranging. This thesis thoroughly describes the development of 1.9 µm fiber 
lasers based on thulium doped and co-doped fibers as the gain medium. Two different 
co-doped fibers; ytterbium-thulium co-doped fiber (YTDF) and thulium-bismuth co-
doped fiber (TBF) is investigated.  
A lasing action was successfully obtained at the 1901.6 nm wavelength using 
two YTDF samples with different Ytterbium and Thulium concentration based on the 
cladding pumping technique. Higher ytterbium to thulium concentration ratio exhibits 
better lasing efficiency and threshold pump power which utilizes a linear configuration 
device pumped by a 931 nm pumping wavelength. The enhancement of lasing 
performance has been identified in TBF compared to YTDF and commercial thulium 
doped fiber (TDF). By using three TBF samples (TB1, TB2, TB3), TB2 which contains 
the highest amount of active bismuth and thulium concentrations, exhibit the best lasing 
efficiency of 42.2% at a threshold pump power of 92 mW by employing a 0.4 m long 
fiber. The energy transfer process can be optimized by adjusting the dopants 
compositions thus increasing the efficiency of the stepwise energy transfer. 
An all-fiber 1.9 µm Q-switched laser has been successfully constructed using 
commercial TDF and TBF as the gain medium in a ring cavity configuration. Reliable 
self-starting Q-switched lasers based on graphene saturable absorber (GSA) and multi-
walled carbon nanotube saturable absorber (MWCNT-SA) were observed. Both of the 
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GSA and MWCNT-SA were fabricated in-house using new preparation method. The 
best Q-switched laser was generated by a 1.5 m long TB2 in conjunction with the 
MWCNT-SA. A wide pump power range of 500 mW to 800 mW with the highest 
repetition rate and lowest pulse duration of 61.99 kHz and 4.0 µs, respectively have 
been achieved using a 1552 nm pumping wavelength. Besides that, an all-fiber ring 
cavity configuration is significant for the compatibility of silica host with standard 
optical components. Compared to the other 2 µm Q-switched fiber laser, the proposed 
laser configuration is simpler and more compact.   
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ABSTRAK 
Peranti laser gentian pada gelombang 1.9 µm menawarkan pelbagai aplikasi 
dalam pelbagai bidang seperti spektroskopi, ketenteraan dan perubatan. Gentian thulium 
dop telah digunakan bagi merealisasikan aplikasi laser pada gelombang ini. Pelbagai 
kaedah telah digunakan untuk menghasilkan kuasa keluaran yang tinggi dan had kuasa 
yang rendah untuk penghasilan laser. Selain gelombang berterusan, denyut laser juga 
penting dalam pelbagai bidang aplikasi seperti aplikasi menggunakan ketepatan tinggi 
dalam bidang pemprosesan bahan, bio-perubatan dan juga pengesanan. Tesis ini 
menghuraikan tentang penghasilan 1.9 µm laser gentian dengan menggunakan gentian 
thulium dop dan gentian thulium dop-bersama yang lain sebagai medium gandaan. Dua 
jenis gentian yang digunakan iaitu gentian ytterbium-thulium dop-bersama (YTDF) dan 
gentian thulium-bismuth dop-bersama (TBF) telah diselidiki. 
Laser gentian telah berjaya diperolehi pada gelombang 1901.6 nm dengan 
menggunakan dua sampel YTDF yang mempunyai perbezaan kepekatan ion ytterbium 
dan thulium berdasarkan teknik ‘cladding pumping’. Nisbah ytterbium kepada thulium 
yang tertinggi telah menghasilkan kecekapan laser dan had kuasa penghasilan laser 
yang lebih baik. Penghasilan laser ini menggunakan konfigurasi linear yang di jana oleh 
931 nm pam. Peningkatan prestasi laser gentian telah dikenal pasti dengan 
menggunakan TBF berbanding YTDF dan gentian thulium dop konvensional (TDF).  
Dengan menggunakan tiga sampel TBF (TB1, TB2, TB3), TB2 yang mempunyai 
jumlah kepekatan ion tertinggi dalam bismuth aktif dan juga thulium menghasilkan 
kecekapan tertinggi iaitu 42.2% dengan had kuasa pam 92 mW menggunakan 0.4 m 
panjang gentian. Proses pemindahan tenaga boleh dioptimumkan dengan menyesuaikan 
komposisi doping dan seterusnya meningkatkan kecekapan pemindahan tenaga. 
1.9 µm denyut laser gentian telah berjaya diselidiki dengan menggunakan dua 
jenis medium gandaan yang berbeza iaitu TDF komersial dan TBF dalam konfigurasi 
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gelang resonator. Denyut laser gentian diperolehi dengan menggunakan graphene 
penyerap saturable (GSA) dan tiub nano-karbon ‘multi-wall’ penyerap saturable 
(MWCNT-SA). Kedua-dua penyerap saturable GSA dan MWCNT di fabrikasikan di 
makmal menggunakan teknik terkini. Prestasi laser terbaik telah dihasilkan oleh gentian 
TB2 yang mempunyai panjang 1.5 m menggunakan MWCNTs-SA. Julat kuasa pam yg 
besar iaitu 500 mW ke 800 mW dengan kadar pengulangan yang tinggi sebanyak 61.99 
kHz serta masa denyutan yang pendek iaitu 4.0 µs telah dicapai dengan menggunakan 
1552 nm pam. Di samping itu, konfigurasi gelang gentian resonator adalah penting 
untuk penggunaan bersama komponen optik yang sedia ada, berbanding dengan 
konfigurasi 2 µm denyut laser gentian yang lain, konfigurasi laser yang dicadangkan ini 
adalah lebih mudah dan lebih padat. 
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 CHAPTER 1 1
INTRODUCTION 
 
1.1 Background of fiber laser 
A study of light amplification by stimulated emission of radiation (LASER) has 
been realized by Gould, where the basic idea was to emit or amplify light through a 
stimulated emission process (Gould, 1959). The lasers research areas has grown rapidly 
since Planck discovered that energy could be emitted or absorbed only in discrete 
amounts which are called quanta. The study of quantum electronics relates the rare-
earth ions such as Erbium (Er), Neodymium (Nd), Ytterbium (Yb) and Thulium (Tm) 
which are used as the gain medium to generate lasers over a wide wavelength range 
covering from visible to the near-infrared wavelength. In 1960, Maiman et. al (Maiman, 
1960) introduced the first experimental demonstration of laser using ruby crystal 
pumped by flash lamp. Since then, several types of lasers were demonstrated using Nd-
glass laser (Snitzer, 1961), helium neon (HeNe) (Javan et al., 1961), carbon dioxide 
(CO2) and Argon laser.  
In 1970’s, most of the research works have been focused on the pumping 
methods and its glass composition (Burrus et al., 1976; Stone et al., 1974; Stone et al., 
1976). The most important achievement was the development of low absorption loss 
silica (SiO2) host glass fibers, which is the key enabling technology of the modern 
communication (Stone et al., 1973). In 1980’s, as the interest in fiber-optic research 
increased steadily, many new materials and fabrication techniques on optical fibers have 
been proposed and improved. For instance, modified chemical vapour deposition 
(MCVD) and solution doping process have been developed to fabricate low loss rare-
earth doped fiber (Poole et al., 1986; Townsend et al., 1987). This great development 
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became an essential step towards realizing the practical rare-earth ion doped fiber lasers 
with controllable doping concentration. Soon after that, novel active fibers doped with 
Er, Yb, and Tm were developed and fabricated. A new optical amplifier was also 
introduced based on Erbium-doped fiber amplifier (EDFA) for amplifying optical 
signals in optical communication networks (Mears et al., 1987). At this time, most of 
the proposed fiber lasers were based on core pumping approach and produce single 
mode continuous wave (CW) output. This approach was the best choice due to its 
extremely low threshold pump power, however, it suffered from a very low laser output 
power due to the low coupling efficiency (Mears et al., 1985).  
Despite the tremendous advances in fiber lasers, the output power was still limited 
by the availability of single transverse mode pump power launched into the single mode 
fiber core. Owing to this limitation, E. Snitzer et al found a way to overcome this 
limitation (Snitzer et al., 1988) by allowing the use of a double-clad fiber in order to 
inject the high-power pump light (in a kilowatt based) to the doped fiber. They designed 
a fiber with two types of cladding consisting of the inner cladding and outer cladding. 
Mostly, the inner cladding was not round in shape in order to improve pump absorption 
(Muendel, 1996). The new invention has led to the increase in the laser’s output power 
which is typically limited by the power level of the laser diode. As mentioned earlier, 
the pioneering work of double-clad fiber was proposed by E. Snitzer in late 80s (Po et 
al., 1989). The gain medium used in this work was Nd3+-doped fiber pumped by the 
GaAlAs phased array. The development of cladding pumping Yb3+-doped fiber lasers 
(YDFL) followed slightly after. The demonstration of YDFL has been proposed by 
Hanna and co-worker in the 90s (Hanna et al., 1990a; Pask et al., 1995). The 
accelerating pace can be seen in successive publications afterwards. The used of double 
clad fiber has successfully achieved a CW output power of several kW level (Jeong et 
al., 2004) which was generated from 12 m length of double-clad Yb3+-doped fiber. Due 
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to the high achievement of fiber lasers in terms of its output power and efficiency, 
interest was then focused on the Er3+-doped fiber laser (EDFL) which has an operating 
wavelength of 1550 nm that falls within the low-loss telecommunication window. Since 
the introduction of double clad fibers, the maximum reported output power of a CW 
EYDFL has reached 297 W at 1567 nm using a 6 m long Er-Yb co-doped double-clad 
fiber (Jeong et al., 2007) within a very short time span.   
    Many applications require the use of modulated lasers or in other words pulsed 
lasers. There are a variety of pulsed laser applications in the area of optical 
communication, range finding, spectroscopy and micromachining. The pulsed laser has 
been proposed soon after the first demonstration of a single mode CW fiber laser. The 
first Q-switched and mode-locked fiber were reported by Alcock et. al. (Alcock et al., 
1986a; Alcock et al., 1986b). The pulse formation has been realized by using acousto-
optic modulator which generated a pulse width of 200 ns and ~1 ns for Q-switching and 
mode-locking, respectively. Pulsed formation can be achieved using several techniques 
and the simplest way is to directly modulate the CW lasers. Light can escape from the 
cavity for a very short period of time by placing the fast modulator into the cavity. 
However, by using this method, the loss of the produced light is high when the 
modulator is in closed state. Thus, more sophisticated techniques have been used such 
as cavity dumping, gain switching, mode-locking and Q-switching. The two latter 
techniques provide more reliable, robust and superior technique for pulsing the lasers. 
In 1989, the first mode locked fiber laser based on soliton pulse shaping was 
reported (Kafka et al., 1989) which demonstrate ~4 ps pulses. A year later, sub-
picosecond pulses shorter than 500 fs were reported from Nd3+-doped fiber laser by 
pulse compression mode-locking. In contrast with mode-locking, Q-switching typically 
produces a giant pulse formation which is high in pulse energy and peak powers while 
the repetition rate is in the range of hertz to kilohertz. One of a few best Q-switching 
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performances was indicated in 1999 by Paschotta et. al. (Paschotta et al., 1999) 
generating pulses with as much as 0.1 mJ pulse energy at 1.53 µm and a repetition rate 
of higher than 1 kHz using a semiconductor saturable-absorber mirror (SESAM). In the 
following year, (Alvarez-Chavez et al., 2000) reported on the actively Q-switched Yb3+-
doped fiber laser which is capable of generating a 2.3 mJ of output pulse energy at a 500 
Hz repetition rate and more than 5 W of average output power at higher repetition rates. 
In 2007, Schmidt et. al. demonstrated a Q-switched employing a short-length Yb-doped 
photonic crystal fiber producing 100 W of average output power with up to 2 mJ of 
pulse energy and a sub-10 ns pulse duration was extracted at lower repetition rates 
(Schmidt et al., 2007).    
 
1.2 Fiber laser at 2 micron region 
Thulium is one of the rare earth ions which provide a lot of interesting 
applications based on fiber laser. Its broad emission ranging from 1400 nm to 2400 nm 
make it possible to be used in spectroscopy, military and medical field (Scholle et al., 
2010). Interestingly, its emission at the 2 µm region has strong water and biological 
tissue absorption coefficients, thus making it possible for medical application. Several 
works on thulium-doped fiber laser (TDFL) has been demonstrated using different glass 
host such as ZBLAN (Allain et al., 1989), tellurite (Wu et al., 2005), germanate (Wu et 
al., 2007) and silica (Hanna et al., 1990c; Jackson et al., 1998).  Thulium doped fiber 
with silica based glass exhibit higher non-radiative decay (Layne et al., 1975; Layne et 
al., 1977). The high phonon energy in silica fiber limits the quantum efficiency of the 
respective level which leads to low efficiency. Yet, silica based materials are needed for 
the integration into standard communication systems as well as for robustness in 
applications. Nevertheless, the use of other glasses to avoid high phonon energy such as 
fluoride or tellurite glass gives some disadvantages in terms of low melting temperature; 
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low durability and strength thus contribute to the problem in splicing. Another problem 
associated with thulium ions is the lack of pumping source at their high absorption band 
of 1.2 µm, thus several works have reported on the sensitization of Ytterbium ion in 
Thulium doped fiber to realize the absorption at this wavelength. In this work, two 
different co-doping elements which are Ytterbium-Thulium doped fiber (YTDF) and 
Thulium-Bismuth doped fiber (TBF) are used as a gain medium. Both fibers are newly 
fabricated and the spectroscopic properties as well as energy transfer processes and 
lasing performances have been investigated. 
 Ytterbium thulium doped fiber lasers (YTDFLs) rely on the indirect pumping 
from the Yb3+ usually over the wavelength region from 910 nm to 980 nm to allow the 
energy transfer between the Yb3+ to Tm3+ (Jackson, 2003). Ytterbium co-doping 
enhanced the pump absorption and could facilitate population inversion between the 
energy level. Spectroscopic properties, namely up-conversion (UC) has also been 
extensively studied for YTDF since the 90’s in order to realize the laser emission at the 
visible wavelength (Hanna et al., 1990b; Zhang et al., 1995). Previous works reported 
on the alternative methods such as nonlinear frequency conversion which employs 
energy up-conversion, absorption, refraction or second harmonic generation; however it 
is very much complicated. Thus, sensitization of Yb3+ will ease the difficulties. 
Nevertheless, the UC via Yb3+-sensitized still suffers from quenching of the excited 
state population at its amplifying level (Gomes et al., 1990). Due to the limitation, 
YTDFLs are significantly less efficient compared to other thulium-doped silica fiber 
lasers. In this work, the up-conversion and the lasing performances at 1.9 µm region of 
YTDF on various length and doping concentration will be investigated and discussed.   
A study of Thulium-Bismuth co-doped fiber laser (TBFL) seems limited in 
terms of publications and research works. The most common reported works usually 
focus on the broadband light sources based on the emission properties from the energy 
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structure of dopant ions in the glass host that are thulium and bismuth (Zhou et al., 
2011). The amplified spontaneous emission (ASE) sources operating around the 1900 
nm spectral region have gained tremendous interest for possible applications in 
spectroscopy, gas sensing, low coherence interferometer and medical imaging via 
optical coherence tomography. Tm3+ has a broad ASE between 1650 nm to 2100 nm 
(Agger et al., 2006) and therefore, is suitable to be a broadband ASE source which is 
doped with active Bismuth ions to realize broad emission wavelength via energy 
transfer (Ruan et al., 2009). Based on previously reported work, countless publications 
have been reported on the high output power using double-clad fiber as mentioned 
earlier. However, considerable amounts of output power as well as laser efficiency at 
1.9 µm regions is suitable in some applications, such as sensor, where only low amount 
of energy and power are needed (Coté, 2001) owing to their specific IR absorption at 
the 1900 nm region. The use of single mode fiber instead of double-clad fiber brings 
significant advantages in term of laser performance such as low threshold power. Very 
few research works have been done to investigate the 2 µm emission from thulium rare 
earth ions using single mode silica fiber with comparatively high laser efficiency and 
low threshold power. 
 
1.3 Recent development on 2 µm pulsed fiber laser based on graphene and 
multi-walled carbon nanotubes saturable absorber 
Lasers at the 2 µm wavelength region have gained tremendous attention due to 
the strong absorption of water and biological tissue at the 2 µm wavelength which 
makes the laser transitions possible for various applications such as spectroscopy, 
LIDAR, and medical. Considering the useful applications, Q-switching and mode 
locking lasers are crucial. Apart from the previously discussed pulse laser in section 1.1, 
this section provides additional information regarding the use of graphene saturable 
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absorber (GSA) and multi-walled carbon nanotubes saturable absorber (MWCNTs) as a 
passive Q-switching element in their implementation on 2 µm pulsed fiber laser. Pulse 
lasers have been demonstrated based on various host media such as silica, tellurite 
(Richards et al., 2008), germanate (Fang et al., 2012) and fluoride (Yang et al., 1996) 
fibers. Among the host materials used, silica is preferred because of its compatibility 
with standard optical components. The use of passive elements to generate pulse lasers 
are favourable due to their flexibility of configurations. The lasers have been 
successfully demonstrated using different kinds of saturable absorbers (SAs), such as 
semiconductor saturable absorber mirrors (SESAMs), nonlinear polarization rotation 
(NPR), graphene and carbon nanotubes.  
To date, few works on the generation of Q-switched fiber laser near the 2 µm 
wavelength region have been reported. For instance, Wang et. al. (Wang et al., 2012b) 
reported on the Q-switched generation with maximum pulse energy of 69 nJ and a 
repetition rate of 26 kHz using 1560 nm CW laser source and graphene saturable 
absorber (GSA). More recently, Jiang et. al. (Jiang et al., 2013) achieved laser with a 
short pulse duration of 760 ns and a repetition rate of 202 kHz using graphene that is 
being transferred to the HR mirror to function as SA. Works on GSA based Q-switched 
TDFLs are mostly related to the free-space arrangement (Wang et al., 2012c) and linear 
configuration (Lu et al., 2013). Nevertheless, a number of publications have been 
reported on the Q-switched lasers at other wavelength regions using SWCNT as SA. 
For instance, Zhang et. al (Zhang et al., 2011a) demonstrated a passive Q-switched and 
mode locked Nd:YVO4 laser using SWCNT-SA to generate a Q-switched repetition rate 
and pulse width of 33 kHz and 5.6 µs, respectively. Yu et al. (Yu et al., 2012) proposed 
a Q-switched Ytterbium-doped double-cladding fiber laser based on SWCNT-SA in a 
linear-cavity. The pulse-repetition rates were tuned from 9.1 kHz to 60 kHz when the 
pump powers were changed from 1.85 W to 10 W and the shortest pulse duration was 
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around 600 ns. More recently, (Tan et al., 2013) demonstrated a Q-switched multi-
wavelength Brillouin erbium fiber laser using SWCNT–SA with a repetition rate of 
105.2 kHz and a pulse width of 0.996 µs. To the best of our knowledge, there are only a 
few reported works on the use of MWCNTs as a saturable absorber for the generation of 
a mode locked Nd:YVO4 laser (Lin et al., 2013; Zhang et al., 2011b). The Q-switched 
laser generation at 2 µm regions using MWCNTs can hardly be found.  
 
1.4 Objective of the thesis 
The scope of this thesis focuses on the development of new fiber lasers, which 
incorporates Thulium as the gain medium to generate CW and pulse laser output at 1.9 
µm regions. The main objective of this work is to evaluate the effect of co-doping 
ytterbium and bismuth ions into the thulium fiber in order to enhance the performance 
at 1.9 µm region for CW and Q-switched laser, respectively. To achieve this, few 
objectives have been proposed to guide the research direction, i.e.: 
• To construct fiber laser devices operating at 1.9 µm region and evaluate the 
performance of these lasers in term of lasing efficiency and the lasing pump 
power threshold. 
• To investigate the spectroscopy in terms of the energy transfer ability between 
the co-doping elements to the Tm3+ ions.  
• To enhance the lasing performance of the proposed lasers by employing the 
best amount of ions concentration between the co-doping elements and Tm3+ 
ions. 
• To construct Q-switched fiber laser devices using commercially available TDF 
and the newly developed TBF in conjunction with the homemade graphene and 
MWCNTs film based saturable absorber as a Q-switcher. 
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1.5 Work contributions 
Some of the contributions of this thesis work are highlighted below: 
1. Development of YTDFL based on higher ytterbium to thulium concentration 
ratio exhibits efficient energy transfer between the co-doping elements in 
conjunction with appropriate pumping wavelength.  
2. Demonstration of broadband ASE generation in the 1900 nm region using a 
Tm-Bi co-doped fiber as the gain medium for the first time. The 10 dB 
bandwidth of the ASE spectrum covers from 1735 nm to 2077 nm.   
3. To the best of our knowledge, the generation of CW fiber laser from the newly 
develop TBFL exhibits the highest CW laser efficiency from single mode fibers 
and comparatively low threshold pump power with the assistance from active 
bismuth ions. Furthermore, a comparative analysis on the lasing performance 
between commercial TDFL and TBFL has been performed. 
4. Development of Q-switched fiber laser using GSA with pump wavelength of 
800 nm shows that the V-shaped curve of pulse duration is contributed by heat 
transfer to the GSA.  
5. The generated fiber laser is the first reported Q-switched laser at 1.9 µm using 
MWCNT-SA in conjunction with TBF as the gain medium. The pulse has been 
observed to generate a wide pump power range of 500 mW to 800 mW with the 
highest repetition rate and lowest pulse duration of 61.99 kHz and 4.0 µs, 
respectively using a 1552 nm pump wavelength.  
6. The use of passive elements which are GSA and MWCNTs-SA proposed in this 
work is simpler, cost-effective and more compact due to the all-fiber ring 
configuration compared to the existing research work. 
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1.6 Thesis outline 
This thesis consists of six chapters including this chapter which serves as an 
introduction. The current chapter presents an introduction to the fiber laser field and the 
objectives of this thesis. Chapter 2 explains the theoretical background and basic 
equations for the generation of CW and Q-switched fiber laser and provides literature 
on the Thulium energy transitions, gain characteristics and basic rate equations which 
serves as a key element in this thesis. It is then followed by the literature on the 
cladding pumping technique involved in this work. Moreover, the use of GSA and 
MWCNTs-SA as a Q-switcher is briefly discussed. 
Chapter 3 describes the fabrication and spectroscopy of the newly fabricated 
double-clad Tm3+/Yb3+ co-doped yttria alumina silicate fibers (YTDFs). The 
performance of 1.9 µm fiber lasers based on cladding pumping technique using various 
pumping wavelengths and two different cavity configurations are investigated. The 
effect of various lengths and doping concentration on the lasing efficiency and threshold 
pump power are demonstrated. Thereafter, an investigation is carried out for the 
enhancement of laser efficiency using the dual-pumping method.  
Chapter 4 proposes new, efficient fiber lasers operating at 1.9 µm based on core-
pumping approach using a newly developed single mode Thulium-Bismuth co-doped 
lithium-alumino-germano-silicate (LAGS) fiber (TBF) as the gain medium. The energy 
transfer between Tm3+ and active Bismuth has been investigated based on the ASE 
emission and pump wavelength. Broad ASE generation employing TBF is also 
discussed. Two laser cavity designs are being presented, which are ring and linear 
cavity configuration.  Discussion on the effect of different dopants concentration of 
active Bismuth and Tm3+ ions on the lasing performance has been included. Next, the 
proposed TBF laser (TBFL) is compared with the one obtained using a commercial 
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TDF. Finally, dual-pumping operation to enhance the laser efficiency has been 
proposed. 
In chapter 5, Q-switched fiber laser with longer emission wavelengths of around 
1.9 µm has been constructed using a passive Q-switcher, which are graphene and 
MWCNTs saturable absorber. The gain media used are TDF and TBF. Both graphene 
and MWCNTs are embedded in the polymer composite film before it is integrated into a 
ring laser cavity by sandwiching it between two fiber connectors. Discussion on the 
different pumping wavelengths of 800 nm and 1552 nm has been carried out. The Q-
switched performance of the proposed Q-switched TBFL with a Q-switched TDFL is 
then compared, which was obtained by using a commercial TDF and the same 
MWCNT-SA.  
Finally, chapter 6 summarizes all of the results and analysis obtained from this 
work. Future work suggestions are also provided as an extension of the work presented 
in this thesis. 
  
12 
 
 CHAPTER 2 2
LITERATURE REVIEW OF FIBER LASERS 
 
2.1 Fundamental of Fiber Lasers 
 Fiber laser technology has played an important role in the modern 
telecommunication systems. The advent of low-loss optical fibers becomes a major 
achievement to the great era of optical fiber communications. Despite the high 
propagation loss which is 1000 dB/km at the telecommunication wavelength of 1.5 µm 
at early 60s, the fast growing fiber optics technology made it possible to reduce it until 
20 dB/km in the early 70s (Kapron et al., 1971) and soon was further reduced to 0.2 
dB/km (Miya et al., 1979). The revolution in the field of telecommunications was 
started as soon as fibers for long-distance optical signal transmission were ready and 
long haul optical networks became practical (Kato et al., 1999).  
 The transmission of light in the fiber optics is based on the principle called total 
internal reflection (TIR) (Hecht, 2004; Snitzer, 1961). Figure 2.1 shows an optical fiber 
in its simplest form, which consists of a cylindrical core (	 , with diameter of around 
9 µm) that is surrounded by a cladding (
, diameter of around 125 µm). The 
condition of TIR at the core-cladding interface must be satisfied for the light 
propagation, thus the refractive index of the core (	 ) should be slightly higher than 
that of the cladding (
). Therefore, ideally, light can be confined inside the core 
without any propagation loss. For a step-index fiber, the index distribution along its 
radial direction is:   
 ()* + ,	 																		(0 . ) . /	*
											(/	 . ) . /
* (2-1) 
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where  ) is the radial coordinate, /	  is the core radius and /
 is the cladding 
radius. The numerical aperture (NA) of the fiber, which represents the maximal 
acceptance angle ( + sin ) within which the TIR condition can be satisfied by: 
  + 3	4 − 
4 ≈ 	√2∆ (2-2) 
where  ∆+ (	 − 
*/	   and 	 ≈ 
. 
 
 
 Figure 2.1: Illustration of an optical fiber with single layer of cladding. 
 
 The initial purpose of fiber optics is merely to transmit light, however due to 
their ability to confine light with very minimal loss and robust mechanical strength have 
attracted them to other applications. The most important application is to fabricate the 
light amplification and lasing devices by doping the fiber core with rare-earth ion. The 
fiber core doped with rare earth ions (gain medium) which confined light exhibit high 
optical power densities, hence open the possibilities to realize compact low-threshold 
high-gain amplifiers and lasers. The invention of the laser was first demonstrated by 
Theodore H. Maiman in 1960 using a photographic flash lamp as the pump source 
(Maiman, 1960). In 1964, Elias Snitzer reported the first operation of laser amplification 
using a neodymium doped glass (Nd:glass) which became the pioneering work in the 
θi 
Fiber core  
Cladding  
Core axis 
	  

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generation of laser employing a gain medium (Koester et al., 1964). A decade after, the 
first fiber lasers were realized in both pulsed and continuous-wave (CW) forms (Stone 
et al., 1974).  
The terms fiber lasers are usually associated with the gain media of optical 
fibers. The active gain medium is an optical fiber core doped with one or more rare-
earth ions, precisely known as lanthanides in the periodic table (but not restricted to the 
lanthanide) (Digonnet, 2002). A simple fiber laser setup is shown in Figure 2.2. The 
optical laser cavity is formed with the input coupler which provides feedback to form a 
standing wave for light amplification produced by the gain medium. The light 
confinement and low propagation loss in optical fibers are an advantage for the use of 
longer active gain medium which can provide higher gain. Nevertheless, the higher 
dopant concentration of the active gain medium as short as 2 cm long can produce laser 
using the erbium-concentration of 2500 ppm (Zyskind et al., 1992). Due to the short 
cavity length, a high concentration of active ions must be introduced into the fiber core 
to facilitate sufficient pump power to reach threshold.  
  
 
 Figure 2.2: Schematic diagram of the simplest fiber laser with Fabry-Perot 
resonator. 
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2.2 Reviews in related areas 
2.2.1 Rare earth material 
A periodic table contains a group of fourteen chemical elements called rare 
earth. The term ‘rare earth’ is derived consist of the word ‘rare’ which refers to the idea 
that only a small amount of the discovered element was present in the earth’s crust, 
while ‘earth’ comes from the earthy appearance of oxide based element. The first 
invention to apply rare earth was suggested in the late 19th century by an Austrian 
scientist, Carl Auer von Welsbach. He discovered a useful development in the 
production of light by generating white light (gas lamp) when heated by a flame 
(Greinacher, 1980) which is still being used today as a lantern. Nowadays, rare earth 
elements become an important role in various fields. Most lanthanides are widely used 
in lasers, and as co-dopants in doped-fiber optical amplifiers and lasers as well as in life 
science applications (Bünzli et al., 2005). The rare earth elements when embedded in 
the host glass forms trivalent (+3) rare earth ionization state of these elements, which 
has an electronic configuration of xenon plus a certain number; :;<=4'?5A45BC6A, 
where  + 1…14 (Digonnet, 2002). All existing trivalent rare earth elements are 4-
level lasers. Its  inner electrons of 4' shell are shielded from the external 
electromagnetic field by the outmost shell 5A and 5B. Since the optically active 
electrons in rare earths are well shielded, the energy levels remain fairly constant when 
comparing the levels in different hosts. Figure 2.3 (Reisfeld et al., 1977) shows the 
extended and modified version of a Dieke’s diagram (Dieke et al., 1963) for the energy 
level of the trivalent lanthanides (except for cerium and promethium) in the crystal.   
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 Figure 2.3: Principle energy levels of all the trivalent rare earth ions (Reisfeld et al., 
1977). 
 
2.2.2 Interaction between photons and electrons 
The lowest energy level of an electron configuration of an atom is defined as a 
ground state. In thermal equilibrium, the electron stays in the ground state with energy, 
. If the electron excites to a higher energy level, it will decays and emits the photon. 
This may happen spontaneously or by stimulation. Spontaneous emission happens 
naturally and incoherent. Stimulated emission on the other hand needs certain 
perturbation in the form of light from arc lamps, flash lamps or laser diode which acts as 
a source to supply photons to the ions. The photon released from stimulation emission 
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process has the same frequency, energy and direction as the incoming photon. Referring 
to Figure 2.4, electrons in the ground state excites to the higher energy level,  after 
absorbing the energy of the incoming photon. The injected light, should carry energy 
almost similar to the energy difference between  and , ∆ + ℎ, where ℎ is the 
Plank’s constant and  is the frequency of the incoming photon for level 0 and 1. As 
the stimulated electrons occupy higher energy level, population inversion occurs. The 
term population inversion refers to the concept in which the number of electrons in the 
excited state,  is greater than those in the lower state, . This is the fundamental 
concept in the generation of standard laser devices.     
 
 
 Figure 2.4: Process of stimulated emission of radiation. 
 
2.2.3 Energy transition and gain characteristic in Tm ions 
Based on the periodic table, Thulium has an atomic number of 69, discovered by 
Per Theodor Cleve in 1879. He found that the residue from erbia; the oxide of erbium 
(Er2O3) varies in weight, thus it contains other elements which are found to be Holmium 
and Thulium (James, 1911). Like the other lanthanides, the most common oxidation 
state is +3, seen in its oxide and other compounds. The energy level diagram of Tm3+ is 
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shown in Figure 2.5. Thulium presents three major absorption bands in the infrared 
region from the ground state absorption (GSA) shown in Figure 2.5 which are 3H6 to 3F4 
(~1550 nm), 3H5 (~1210 nm) and 3H4 (~790 nm) (Moulton et al., 2009). Other possible 
transitions are provided in the figure which consists of GSA and excited state absorption 
(ESA). The electronic transition of 3F4 → 3H6 is a well known energy transition of Tm3+ 
ions used for 2 µm light emission. The transition of 3H6 → 3H4 exhibits broad emission, 
~130 nm. This is due to the fiber absorption peak which coincides with the laser diode 
operating wavelength of 790 nm. Therefore, it is suitable to be used in tunable laser 
source for broadband application.   
 
 
 
 Figure 2.5: Possible ground state absorption (GSA) and excited state absorption 
(ESA) of Tm3+ ions. All transitions are in nm scale.  
 
The gain of the Tm3+ ions can be modelled in terms of an atomic rate equation 
depending on their respective energy level of transitions. Figure 2.6 denotes the possible 
Tm3+ ions transition according to (Peterka et al., 2011). The left hand side shows the 
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energy level of thulium while the right hand side indicates the number of levels 
associated with it.   
 
 
  
 Figure 2.6: The possible laser transition of Tm3+ ions in a silica based fiber. 
 
The energy level diagram shown in Figure 2.6 includes some of the transitions involved 
in the Thulium doped fiber. This thesis emphasizes on the 800 nm and 1552 nm 
pumping mechanism, thus certain energy levels have been omitted for simplicity, and 
only a three-level system is considered. The population density at 3H5 level is neglected 
because of the high non-radiative decay rates (≫ 10HAI* transition of 3H5→3F4 
(Peterka et al., 2011). The rate equations for the ion populations, N at each level are 
expressed as follows: 
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where  is the stimulated absorption and emission rate accounts for amplified 
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radiative and non-radiative decay rates from level i to j, and   is the total thulium 
dopant concentration. 
 Another special feature of Tm3+ is the cross relaxation (CR) between Tm3+ pairs. 
This process allows the two Tm3+ ions occupy 3F4 level. When two Tm3+ are close 
enough to each other, with a separation distance lower than that of the emission 
wavelength, the CR energy transfer (3H4,3H6 → 3F4,3F4) will be triggered. Figure 2.7 
shows the schematic diagram for the CR process between two Tm3+ ions. The Thulium 
ion (donor ion) in the ground state absorbs photon from the 790 nm pump thus elevated 
to 3H4 level. When the ion in this level de-excites to 3F4, instead of emitting at of 1.47 
µm, the energy is transferred to a nearby Thulium ion (acceptor ion). The ion that 
resides in the ground state absorbs the transferred energy to occupy the upper laser 
level, 3F4. Both ions then drop to the ground state and emit at 1.9 µm photons. With 
each absorbed pump photon at 790 nm, two 1.9 µm photons are produced. Therefore, 
higher quantum efficiency is attainable under the above condition for Thulium operating 
at the 2 µm emission region. The amount of CR can be calculated according to Taher et. 
al (Taher et al., 2011).  
 
 
 Figure 2.7: Process of cross relaxation between donor ion, A and acceptor ion, B. 
 
3H6 
3H5 
3H4 
3F4 
A 
B 
790 nm 
21 
 
2.3 Optical Fiber Lasers  
LASER stands for light amplification by stimulated emission of radiation and is 
a device that allows the amplification of light in a coherent, monochromatic and 
unidirectional manner in the optical spectrum region. The common characteristic of all 
types of laser devices is the population inversion in the active gain medium in the laser 
cavity. In order to generate laser, three basic conditions must be satisfied. First, the laser 
should have an active gain medium. Secondly, the gain medium should be placed in 
between the reflective optical cavity to allow circulation of photons. Finally, the 
external pump source is needed to generate population inversion. All optical fiber lasers 
are built with these three basic elements. Several configurations of laser cavity will be 
discussed afterwards.          
 
2.3.1 Laser cavity 
The most common laser cavity used for optical fiber laser is a Fabry-Perot 
resonator as shown in Figure 2.8. It is typically constructed by placing an active gain 
medium in between two planar dielectric mirrors. The mirrors serve as an input and 
output coupler. Both ends of the fiber are either perpendicularly cleaved or polished flat. 
The pump power provided by the pump source is directly coupled into the fiber by 
splicing or by high transmittance mirror through the input coupler (mirror), which is 
transparent to the pump light and highly reflective to the generated light emission. The 
mirrors introduce optical feedback to the laser beam in the cavity, therefore causes a 
population inversion. The laser beam that propagates back and forth in the cavity 
enables amplification due to stimulated emission. The generated light leaves the laser 
cavity through the output coupler (mirror). To ensure that the laser can be realized, the 
population inversion which produces the gain within the cavity must be sufficient to 
compensate for the fraction of energy loss due to all causes. Several reflecting elements 
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such as fiber Bragg grating (FBG), selective wavelength filter and injection locking can 
also be used to replace the dielectric mirror.   
 
 
 Figure 2.8: Schematic diagram of a Fabry-Perot fiber resonator.  
 
The laser setup can also be configured in a ring cavity as shown in Figure 2.9. 
The cavity allows light to oscillate in both directions thus generates bidirectional output 
which limits the efficiency of the laser. The constructive interference between the 
counterpropagating signals produce a standing wave which induces the spatial hole 
burning. This effect allows the oscillation of several longitudinal modes in the laser 
cavity (Digonnet, 2002). The bidirectional signal light travelling in the cavity can be 
eliminated using an optical isolator by forcing the light travel in a unidirectional 
operation. However, the small amount of loss introduced by the isolator will increase 
the threshold of the laser. Another method to reduce the effect of spatial hole burning is 
to introduce the polarization controller (PC) that modifies the polarization state of light 
and allows continuous adjustment of the birefringence within the cavity to balance the 
gain and loss. The ring laser cavity offers the advantages of simplicity in design, low 
cost and low threshold operation. Ring cavities are commonly designed for pulse laser 
applications (Nelson et al., 1997; Panasenko et al., 2006). 
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 Figure 2.9: Schematic diagram of all-fiber ring laser resonator. 
        
2.3.2 Important Laser parameters 
 Laser threshold, output power and efficiency are the important laser parameters. 
Laser threshold refers to the operation circumstance of a laser which laser emission just 
starts to occur. It is defined as the minimum amount of pump/input power or energy 
required to start the lasing action during which the gain coefficient becomes larger than 
the losses in the cavity. The output is considered to be a laser when the pump power is 
sufficiently high such that population inversion is achieved and therefore, the energy of 
the system has reached the lasing threshold. According to Figure 2.8, light beam will 
oscillate in the cavity length, L between two reflecting mirrors which are high 
reflecting, R1 and partially transmitting, R2 hence the reflection coefficient is less than 
one. The fraction of light that remains after a full round trip passage through the laser is 
denoted by (Reisfeld et al., 1977): 
 <I4Y + //4 (2-7)   
where  is the measured loss in a single passage and is positive, therefore: 
  + − 4 ln //4 (2-8) 
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The intensity of the radiation increased as the laser oscillates in the cavity due to the 
continuous population inversion by a factor of <[\ where  is amplification coefficient. 
 is given by  + ]∆, where  ] is the absorption coefficient  of a pump wavelength 
and ∆ is the population inversion. By comparing the increased intensity of the 
radiation in a passage and the fraction of light remains in the cavity, the threshold of the 
laser oscillation is attained which satisfies the condition below (Reisfeld et al., 1977) 
  >  (2-9) 
The threshold power usually depends on the gain per unit pump power, the round trip 
cavity losses, and how strong the pump, signal and dopants are confined (Armitage, 
1988).  
 The slope efficiency is one of the important parameters in characterizing a laser. 
The efficiency of the laser is given by the ratio of output power of the laser,  , over 
the absorbed pump power, . According to (Digonnet, 2002), the output power,   
is given by: 
  + _M`J
a%b
a%c
(d! − a* (2-10) 
where ℎ! and ℎ$ is the signal photon energy and pump photon energy respectively. e 
is the power transmission of the output coupler, f is the round-trip loss, d! is the 
total pump power absorbed by the dopant and a is the threshold power. The Eq. (2-10) 
states that the output power grows linearly with the absorbed pump power. Thus, the 
slope efficiency, defined as the output power divided by the absorbed pump power,  
 + d! − a is (Digonnet, 2002):  
  ! + _M`J
a%b
a%c (2-11) 
25 
 
The efficiency depends on the slope of the graph. This is due to the active pump photon 
compared to the signal photon in order to excite ions to the higher level, and the energy 
difference between them is wasted usually in terms of phonons.  
 
2.4 Cladding Pumping  
 The drastic improvement in fiber lasers performance has been realized with the 
enhancement in various approaches. One of the famous approaches is the novel design 
of double clad fibers and cladding pumping scheme (Mears et al., 1985; Poole et al., 
1986). The conventional optical fiber, single mode fiber, has only one effective wave-
guiding property which is the fiber core. Owing to this, the pump light from the source 
should be coupled into the small core area to achieve efficient laser operation. 
Therefore, the laser diode needs to be single mode with high intensity output. The use of 
high pump power which is coupled directly to the doped fiber core will damage the 
threshold of the semiconductor material. To overcome the limitation, E. Snitzer et. al. 
introduced a double-clad fiber which can be coupled to the high pump power provided 
by laser diode as mentioned earlier in Chapter 1. 
 (Snitzer et al., 1988) use the available high-power multimode laser diodes of 
relative low brightness and with the newly designed double-cladding (or double-clad) 
fibers. This fiber uses a cladding-pumping scheme by injecting the pump light to the 
fiber’s cladding as shown in Figure 2.10. Based on the figure, a second (outer) cladding 
is added with lower refractive index than that of the first (inner) cladding. This allows 
the injected pump light to be confined due to the TIR at the inner-outer cladding 
boundary. The large area of the inner cladding allows a larger fraction of the laser diode 
output power to be coupled to the fiber. The pump light travel in the first cladding 
overlaps with the doped core and gradually absorbed by it. The pump absorption is 
proportional to the ratio of the core area,  	  over the inner cladding area, 
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(Muendel, 1996), 	/
. Thus, the core/cladding area ratio is very crucial in 
designing the double-clad fiber. Confined within the core area, the generated output has 
relatively high brightness and power.  
 
 Figure 2.10: Schematic drawing of a double-cladding fiber. 
 
Apart from that, the cladding-pumping laser scheme exhibit high thermal 
tolerance for high power CW laser operation provided that certain parameters are 
optimized (Brown et al., 2001; Wang et al., 2004). However, (Lapointe et al., 2009) 
reported on the thermal degradation of double-clad optical fiber coatings which is 
known to be the major limiting factor for the operation of high power CW fiber lasers. 
Wang et. al proposed to overcome the limitation by decreasing the pump absorption and 
increasing the length of the fiber (Wang et al., 2004), however the laser will suffer from 
low efficiency due to the needs of higher pump absorption. In conclusion, by optimizing 
the combination of pump powers, pump absorption and fiber lengths, an acceptable 
laser performance can be achieved. 
Another work proposed by Muendel (Muendel, 1996) is to design various 
shapes of inner cladding to enhance the power transfer from the pump to the doped core 
(Li et al., 2004; Liu et al., 1996). The approaches taken were to offset the core of the 
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fiber and to alter the geometry of the inner cladding. Therefore, provides significant 
difference in the pump absorption efficiency of the double-clad fiber compared to the 
conventional circular shaped inner cladding. The designed were based on the ray 
propagation in the fiber. There are two types of rays propagating in the inner cladding 
which are the meridional rays and skew rays. Meridional rays are rays that pass through 
the axis of the optical fiber, while skew rays travel through an optical fiber without 
passing through its axis (Muddu, 2003). Most of the pump signal propagates as helical 
rays in the inner cladding, therefore most of the skew rays miss the core and only the 
meridional rays overlap with the doped core. This limitation can be overcome by 
offsetting the core from the center of the inner cladding (Liu et al., 1996) as in Figure 
2.11(a). According to Po et. al (Po et al., 1989) the pump absorption increased by up to 
23% with the adoption of this technique. The latter technique involves the alteration of 
the inner cladding shape. Rectangular, D-shaped and hexagonal shape have been 
proposed (Li et al., 2004; Muendel, 1996). The designs shown in Figure 2.11(b, c, d) 
allow both meridional and skew rays to pass through the core and get absorbed more 
compared to the conventional circular shaped.   
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 (a) (b)  
   
 (c) (d) 
 Figure 2.11: Various designs of inner cladding, double-clad fiber. (a) offset core (b) 
rectangular (c) hexagonal (d) D-shaped (Digonnet, 2002). 
 
The tremendous growth of fiber lasers and their applications have sparked the 
interest of a lot of research groups to extend the wavelength availability of fiber lasers 
up to 2 µm. One of the earliest demonstrations of double-cladding Thulium doped fiber 
laser was reported in 1998 with 5.4 W output power at a slope efficiency of 31% with 
respect to the launched pump power (Jackson et al., 1998). The gain medium was a 
double-clad thulium doped fiber with rectangular inner cladding. Two years later, 
(Hayward et al., 2000) proposed a CW operation of a double-clad Tm-doped silica fiber 
laser at 2 µm, pumped by two beam-shaped diode bars which yielded an output power 
of 14 W using a 787 nm wavelength excitation. The slope efficiency with respect to the 
launched diode power was ~46%. The improved efficiency was reported because of the 
‘two-for-one’ cross-relaxation effect. It is the first to be reported in silica. Before 
Hayward, this phenomenon was only observed in Tm-doped crystal lasers (Becker et 
al., 1989). The CR effect happens in fibers with high thulium doping concentration; 
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however this may lead to ion clustering. Introducing aluminium in the glass doping will 
reduce clustering (Jackson, 2004; Jackson et al., 2003). Owing to this, the output power 
and the efficiency of the Tm-doped fiber laser have risen steadily from tens to kilowatts 
(McComb et al., 2010) level. The highest reported efficiency up to date is 68% utilizing 
a Tm-doped germanate glass (Wu et al., 2007). Another alternative approach to 
generate fiber lasers at the 2 µm region was to co-doped the thulium with ytterbium 
which acts as a sensitizer and successfully generates 18 W output power with 35% 
efficiency (Jackson, 2003). In 2005, Jeong et.al reported on the generation of a 75 W 
output power with 32% efficiency (Jeong et al., 2005). The reported works on high-
power operation at the 2 µm region, mostly highlight on the high output power and 
thermal damage management, which makes cladding pump configuration an excellent 
candidate to replace conventional bulk solid-state lasers for many applications, such as 
remote sensing, LIDAR, medicine, material processing, and industrial machining. 
 
2.5 Q-switched fiber lasers 
Q-switching is a simple and well-known technique for achieving energetic and 
nanosecond pulses in a laser system. In 1962, Hellwarth together with Fred J. McClung, 
proved their laser theory and generated peak powers 100 times than that of ordinary 
ruby laser by using electrically switched Kerr cell shutters (McClung et al., 1963). The 
invented pulse produces fast, intense and controllable ‘giant’ laser pulses by ‘Q-
modulation’. Nowadays, the generated pulse is called Q-switching. Generally, the fiber 
laser can be designed to operate either in CW or pulsed mode. Figure 2.12(a) shows the 
continuous output powers by CW lasers while Figure 2.12(b) shows the pulsed laser 
which generates the output power with constant time. Usually the important parameters 
for Q-switched laser are pulse width, repetition rate, output power and pulse energy. In 
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this section, a general overview of Q-switching is given in order to understand the 
results presented in chapter 5.   
 
 
(a) Continuous wave laser 
 
 
(b) Pulsed laser 
  
 Figure 2.12: The operation of CW and pulsed lasers. 
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2.5.1 Pulse formation in Q-switched lasers  
Q-switching laser involves the technique of modulating the losses of the laser 
resonator by any method. The term Q represents the quality of the laser resonator which 
contains information regarding the cavity losses. The quality factor (Q-factor) portrays 
the ability of a laser cavity to preserve its energy. A higher Q indicates a lower 
intracavity loss. The Q-switching phrase describes the idea of switching the laser 
configuration from a low to high Q to create short pulse duration. Originally, the Q-
factor is kept at low level (i.e. high losses), preventing any potential for lasing. The gain 
medium provides an accumulation of spontaneous emission in the cavity by constant 
pumping; thus energy is stored. At the moment that the Q-factor is suddenly switched to 
a high level and the desired amount of energy is stored, spontaneous emission grows 
into lasing and a laser pulse starts to build up in the laser cavity. The pulse grows 
stronger until the gain equals the losses. When the pulse peak power is reached and 
depletes the gain completely, the laser is no longer able to oscillate. The Q-switched is 
open again (low Q), and the process starts from the beginning to build up more 
inversion for the next consecutive pulse. It is useful to have a long upper state lifetime 
of a gain medium in order to store gain, therefore it does not disappear as fluorescence 
emission before the Q-switched is opened (Digonnet, 2002).  
A Q-switched laser can be realized using active and passive means. The 
common devices of active Q-switching are electro-optic and acousto-optic modulators. 
Additionally, the rotating mirror or a prism can also be used. In active Q-switching, the 
repetition rate can be controlled and exhibit low timing jitter due to the exemption of 
movable parts in the cavity (Hjelme et al., 1992; Zayhowski et al., 1995). Basically, 
timing jitter cannot be avoided due to the oscillating photon originating from 
spontaneous emission from the gain medium. Typically, the pulse width in active Q-
switching reduces and the pulse energy rises with the increase in pump power (Eichhorn 
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et al., 2007). The pulse width depends on the two factors which are the gain and the 
cavity round trip time whereas the pulse energy depends on the repetition rate 
(Zayhowski et al., 1991). Since the repetition rate in the active Q-switched can be 
controlled by driving the modulator with different seed signal, increasing the pulse 
energy to a certain limit can be done by reducing the repetition rate. As the repetition 
rate reduces, the gain will be divided by fewer pulses, thus individual pulses will 
receive more gain.  
 On the other hand, passive Q-switching offers a simpler method in providing a 
compact setup and is more cost-effective. It does not need external modulation 
incorporated in the setup, thus the saturable absorber has been used to self-modulate the 
cavity losses and the gain. Saturable absorbers are made up of materials and methods 
such as semiconductor compounds (Spühler et al., 1999) and crystal doped (Chen et al., 
2000; Tsai et al., 2000). Other reported works focused on the generation of Q-switching 
using doped fiber (Jackson, 2007; Kurkov, 2011). The transmission and reflection of the 
saturable absorber are based on the light intensity. It absorbs the light up to a certain 
limit which is determined by the absorber saturation fluence (Keller, 2003). When the 
energy reaches the limit, pulse is released.  
In this thesis, passively Q-switched fiber laser has been demonstrated in 
conjunction with a graphene and multi-walled carbon nanotubes (MWCNTs) based 
saturable absorber (SA). Graphene and carbon nanotubes are allotropes of carbon with a 
cylindrical nanostructure, which has been observed by previous scientists in 1991 
(CNTs) and 2004 (graphene). The tremendous growth of these materials was due to 
their unique structure and physical properties (Hasan et al., 2009; Sun et al., 2010b). 
The carbon nanotubes and graphene saturable absorber characteristic will be discussed 
in section 2.6.1 and 2.6.2, respectively.   
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2.5.2 Passive Q-switching parameters 
Figure 2.13 shows the formation of the Q-switched fiber laser of one pulse cycle 
(Spühler et al., 1999). The saturable absorber with bleach, ‘0’, unbleached conditions 
‘g’ and a saturable absorber loss coefficient	g(*, have been considered and the total 
cavity loss within one cavity round trip is h. As can be seen in the figure, the pulse starts 
to emerge when the gain, i(* reaches the total cavity loss condition (low Q) at the 
saturable absorber unbleached conditions. At this point, the power increases until the 
gain is capable to bleach the absorber. Next, when the induced power causes the 
absorber to totally bleach, the gain is at the high Q until the gain starts to deplete. The 
maximum pulse occurs when the gain is equal to the total cavity loss at the bleach 
condition. Then, the gain depletion continues and reaches the negative value, therefore 
the intracavity power decreases. Finally, the absorber restores its unbleached state due 
to the shorter absorber’s recovery time as compared to the gain. The continuous 
pumping of the gain medium will provide sufficient gain to attain the threshold level to 
start over for the next consecutive pulse. 
 
 
 Figure 2.13: The formation of Q-switched fiber laser. 
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In passive Q-switching, pulse width and pulse energy are independent of the 
pump power (Spühler et al., 1999). However, the pulse width usually decreased as the 
pump power increased as explained by (Herda et al., 2008). The pulse width (which is 
sometimes called pulse duration) of the Q-switching can also be observed in Figure 
2.13. The FWHM of the pulse determines the pulse width. According to (Zayhowski et 
al., 1994) and based on the figure, the pulse width can be expressed as: 
 #$ + jc_klJ m
`(n`*o
`I
(n`*p (2-12) 
where q$ is the pulse shape factor, e is the cavity round-trip time,   is the energy 
extraction efficiency of a light pulse and  f is the ratio between saturable and 
unsaturable cavity loss. It can be seen that the pulse width is proportional to the cavity 
round-trip time and inversely proportional to the saturable losses of the cavity.    
The repetition rate is defined as a number of emitted pulses per second or the 
inverse of adjacent pulse. It can be measured directly from the oscilloscope by 
observing the duration between the output pulse trains. The repetition rate is commonly 
observed to be linearly dependent on the pump power and normally in the range of 1–
100 kHz. This has also been confirmed by various experiments using fiber lasers 
(Jackson, 2007). 
The average power of the Q-switched laser is measured directly from the power 
meter. Since average power is measured while the laser is Q-switching, the repetition 
rate at which the measurement was taken should be considered to calculate the pulse 
energy. An equation for the pulse energy is determined by dividing the average power, 
%& by the repetition rate, '	$:  
 $ + rstuvkwc  (2-13) 
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According to (Spühler et al., 1999), the pulse energy depends on the amount of 
energy stored in the gain medium. Therefore, the lifetime of the gain medium and the 
absorber saturation loss are crucial. This is due to their relation as shown in Figure 2.13.  
Nevertheless, passive Q-switching suffers from the timing jitter (Huang et al., 1999). 
This is due to the fluctuations in pump power, temperature, losses and many more. In a 
fiber laser, the large amount of intracavity spontaneous emission is significant to 
produce jitter in a pulse.  
 
2.6 Saturable absorber materials 
The emerging of carbon materials in industrial applications has started since 60s 
(Savage, 1993). The evolving of carbon material namely carbon nanotubes and 
graphene provide greater benefits owing to their extraordinary properties. These carbon 
nanostructures are significant for current technological and scientific revolution; 
nanotechnology. A graphite is one of the allotropes of carbon materials instead of the 
famous diamond. Figure 2.14 shows the atomic structure of graphitic materials which 
consists of (a) 0D Fullerene, (b) 1D Carbon nanotubes (CNTs), and (c) single layer 
graphene (2D graphene). The terms graphene comes from the single atomic layer of 
graphite (Geim et al., 2007).  
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 (a) (b) (c) 
 Figure 2.14: The atomic structure of graphitic materials which consists of (a) 0D 
Fullerene, (b) 1D Carbon nanotubes (CNTs), and (c) 2D graphene. (Geim et al., 
2007) 
 
2.6.1 Carbon nanotubes (CNTs) 
The CNTs was observed in 1991 by Iijima in the carbon soot of graphite 
electrodes during the arc discharge method (Ando et al., 1993). CNTs can be formed by 
rolling the graphene sheet into a cylindrical nanostructure at specific discrete (chiral) 
angles (Figure 2.14(b)). The combination of the rolling angle and radius of the CNTs 
decide the nanotube properties. In CNTs, the bandgap is controlled by the diameter, 
which in turn defines the operating wavelength of the CNTs. According to the number 
of walls that form the nanotube, CNTs can be categorized as single-walled nanotubes 
(SWCNTs) or multi-walled nanotubes (MWCNTs). In the case of a MWCNT, 
concentric graphene sheets are stacked one on top of the other which then form the large 
diameter of the outer tubes of MWCNTs. Iijima reveals the structure of these tubes 
using transmission electron microscopy (TEM) (Iijima, 1991). Another important 
feature of MWCNTs is the rolled up diameter which are in the range of tens of 
nanometers and in some cases even more than 100 nm (Darabont et al., 2005) as 
compared to SWCNTs which have a diameter of only up to 2 nm.  
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Many research works have been carried out for CNTs fabrication using various 
techniques such as arc discharge method and laser ablation method (Guo et al., 1995). 
Nowadays, the fabrication of CNTs can be realize in a mass production and are 
commercially available. Most commercially available CNTs are produced at large scale 
by various Chemical Vapour Deposition (CVD) methods, for example high pressure 
carbon monoxide (HiPCO) (Bronikowski et al., 2001) and Cobalt-Molybdenum catalyst 
(CoMoCAT) methods from carbon monoxide (Alvarez et al., 2002), and Alcohol 
catalytic CVD (ACCVD) method from alcohol (Maruyama et al., 2002). The available 
CNTs are supplied in the powder form or as the dispersed solution. Various methods 
have been implemented to integrate the SAs in the laser devices, for example free space 
arrangement, optical deposition in fiber ends and inside fiber, evanescent field using 
tapered fiber and sandwiching the SAs polymer composite between two fiber 
connectors  (Sun et al., 2012). The latter is the most famous technique used so far. 
Apart from that, host polymer is another important material to incorporate in the 
fabrication of CNTs. The characteristic of the host polymer is usually stable against 
humidity or other environmental factors and laser irradiation (Booth, 1989). The wide 
range of host polymer used include polivinyl alcohol (PVA), poly-carbonate (PC), 
polyimide (PI), polymethyl methacrylate (PMMA), carboxymethyl cellulose (CMC) 
and many more (Hasan et al., 2009). Since the first demonstration of SWCNTs as SA in 
2003, the performance of ultrafast laser has improved significantly.  
 
2.6.2 Graphene 
Single layer graphene (Figure 2.14(c)) was discovered by Geim and Novoselov 
in 2004, when it is understood that the material does not exist in free-state. A few-layer 
graphene and single layer graphene have been produced using scotch-tape method from 
graphite (Geim et al., 2007). The method is called mechanical exfoliation of graphite. 
38 
 
The large-scale graphene production is called liquid-phase exfoliation (LPE) method, in 
which graphite flakes are dispersed in solvent, followed by ultrasonification and 
centrifugation to obtain dispersed solution of small flakes of few-layer and single-layer 
graphene (Hernandez et al., 2008). However, the most promising method for graphene 
fabrication is a CVD method (Obraztsov et al., 2007). 
Graphene rapidly become a rising star due to its unique and valuable electronic 
properties (Geim et al., 2007). A few layer or single layer graphene can be determined 
by Raman spectroscopy measurement (Graf et al., 2007). Single layer graphene exhibits 
optical transmittance as high as 97.7% with linear Dirac electron dispersion which 
enables broadband application (Bonaccorso et al., 2010). Graphene has been used in 
many fields and its nonlinear optical absorption properties enable graphene to be used in 
photonic applications (Hasan et al., 2009). When a laser source is applied to the 
graphene, the electrons in the lower energy state (valence band) absorb the photon, 
hence higher electron energy state (conduction band) is occupied until further 
absorption is blocked, which is known as a Pauli blocking effect. This results in 
saturable absorption of graphene (Sun et al., 2010a). Due to the ultrafast saturable 
absorption of graphene, it has been demonstrated to be a promising material as a 
saturable absorber in mode-locking to generate ultrashort laser pulses. The first reported 
mode-locked laser was in 2009 which incorporate graphene as a saturable absorber (Sun 
et al., 2010a). Since then, graphene became a new SA material with ultrafast recovery 
time and operational wavelength independence.   
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 CHAPTER 3 3
DEVELOPMENT OF THULIUM-YTTERBIUM FIBER 
LASERS   
 
3.1 Introduction 
Recently, the development of Thulium doped optical fiber lasers (TDFLs) 
operating at near 2000 nm has become an interesting topic for many researchers 
(Gumenyuk et al., 2011; Wu et al., 2007; Zhang et al., 2011c). This is attributed to the 
possibility of achieving laser of high efficiency, high output power, and retina safe in 
addition to specific applications plausible for this wavelength, such as for remote 
sensing and biomedical applications (Slobodtchikov et al., 2007). However, there are 
still many issues to be addressed such as low quantum efficiency of generated laser in 
high-phonon energy glass host matrix such as silica-based glass fibers. Thulium doped 
fibers (TDFs) normally employ low phonon energy glass hosts, for instance fluoride 
glass, in which the up-conversion intensity is reported to be quite high in ultraviolet 
region (Cao et al., 2008). Nevertheless, since the fluoride host is a rather soft type of 
glass, it is very hard to draw optical fiber from the preform due to its lower melting 
temperature. Recently, the interest has shifted back to silica based host TDFs as the 
phonon energy of silica glass can be reduced by incorporating silica network modifiers 
like Aluminum (Al) and Germanium (Ge). Thus TDFs with modified silica host have 
emerged as a promising gain medium for achieving an efficient TDFL (Jander et al., 
2004). 
Thulium presents three major absorption bands in the infrared region from the 
ground state absorption (GSA) which are 3H6 to 3F4 (~1670 nm), 3H5 (~1210 nm) and 
40 
 
3H4 (~790 nm) (Moulton et al., 2009). One of the advantages of thulium is the enormous 
bandwidth emission from 3F4 → 3H6 transition which is close to 130 nm. Pumping with 
~790 nm pump wavelength allows cross relaxation between Tm3+ ions provided that 
high power ~790 nm pump wavelength and significant amount of Tm3+ ions 
concentrations are applicable in the setup. Unfortunately, the availability of high power 
laser diode at ~790 nm pump wavelength is very costly as well as hard to find. Another 
problem associated with thulium ions is the lack of pumping source at their high 
absorption band of 1200 nm wavelength. Thus, an alternative approach has been taken 
in which the Yb3+ ion is co-dope to the Tm3+ ions. Ytterbium-thulium doped fiber 
(YTDF) relies on the indirect pumping from the Yb3+ usually over the wavelength 
region from 910 nm to 980 nm. The emission of Ytterbium at a wavelength of 1.0 µm to 
1.2 µm allows the energy transfer between the Yb3+ → Tm3+ (Jackson, 2003). In this 
case, Yb3+ ions act as a sensitizer to the Tm3+ ions, as in the case of Ytterbium Erbium 
doped fiber (Simondi-Teisseire et al., 1996).  
In this chapter, a thorough study of newly fabricated double-clad Tm3+/Yb3+ co-
doped yttria alumina silicate fibers (YTDFs) is carried out. The performance of 1.9 µm 
fiber lasers are investigated based on cladding pumping technique using the YTDF as 
the gain medium. The new YTDF is drawn from a D-shape preform which is fabricated 
using modified chemical vapour deposition (MCVD) in conjunction with solution 
doping technique. In addition to the discussion on the fabrication process of YTDF, a 
thorough analysis on the performance of fiber laser has been investigated 
experimentally. Effect on the use of different pumping wavelength has also been 
investigated in terms of their ability to generate higher lasing efficiency as well as lower 
threshold power. For the efficient fiber laser, the effect on the various lengths and 
doping concentration on the lasing efficiency and threshold power are demonstrated. 
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3.2 Fabrication of Double Clad Ytterbium-Sensitized-Thulium-Doped fiber   
Various types of YTDF with different Ytterbium host composition have been 
fabricated by the team from Central Glass and Ceramic Research Institute (CGCRI) in 
Kolkata, India, using a Modified Chemical Vapor Deposition (MCVD) technique and 
solution doping technique (Townsend et al., 1987). The core of the preform was a 
combination of alumino-silicate and yttrium aluminosilicate fabricated through the 
deposition of multiple porous phosphosilicate layers at several deposition temperatures 
and various pre-sintering temperatures. In the MCVD process, a pure silica glass tube of 
outer/inner diameter 20/17 mm was used for the deposition of 3–8 multiple porous 
unsintered phospho-silicate (SiO2-P2O5) soot layers to make a preform while 
maintaining a suitable deposition temperature at around 1400–1450 °C (Figure 3.1). 
Figure 3.2 shows the scanning electron microscopic (SEM) image of the multiple 
unsintered soot layer (before solution soaking) when it is scanned along the vertical 
direction. The deposited silica tube was then cut so that a suitable strength of dopant 
precursors can be doped in the glass using the solution doping technique (Figure 3.3).  
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 Figure 3.1: Deposition of multiple porous layer of composition SiO2-P2O5 along 
forward direction by the MCVD process. 
 
 
 Figure 3.2: SEM image of multiple un-sintered soot layers which is obtained before 
solution soaking and scanned along the vertical direction. 
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 Figure 3.3: Process of cutting the deposited silica tube. 
 
During the solution doping technique, the deposited multiple un-sintered SiO2–
P2O5 core layers are soaked with an alcoholic solution of suitable strength of YbCl3 
6H2O,  TmCl3 6H2O,  AlCl3 6H2O and YCl3 6H2O for a certain period of time (30–45 
min). Enough soaking duration was determined by the conductivity test for observing 
soaking kinetic path. The measurement was conducted by dipping the conductivity cell 
of the Radiometer analytical model-CDM 210 conductivity meter into the tube during 
solution soaking at a constant time interval. Figure 3.5 shows the plot of conductivity 
versus time according to the following equation. 
 
(xyIxz*
 + ]( − *    (3-1) 
where, Ct is the conductance of the solution at time t during soaking, Cα is the 
conductance of the solution after infinitely long soaking time (taken after 3 hours from 
the starting), C0 is the conductance of the solution at the starting time of soaking (within 
1 min after pouring the solution into the tube), ] is the rate constant and  is the order 
of soaking kinetic path. This plot suggests that the optimum soaking period is around 30 
to 45 min to achieve efficient doping.  
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 Figure 3.4: Image of the solution doping process. 
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 Figure 3.5: A plot of conductivity ( − * versus time (* during the solution 
soaking process. 
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Then, dehydration and oxidation were performed at the temperature of around 
900–1000 °C. Sintering of the un-sintered layers were also done by slowly increasing 
the temperature from 1500 to 2000 °C. Upon the completion of sintering and oxidation, 
the tube was slowly collapsed to transform it into optical preform. During the collapsing 
process, the core glass is phase separated into silica rich and silica deficient areas so that 
it forms a glass matrix with a combination of Tm2O3 and Yb2O3 doped yttria alumino 
rich and deficient phase-separated silica glass matrix. It is done by increasing the 
temperature of the flame and decreasing the speed of the torch (burner) moving along 
the rotating tube.  
 The fabricated preform was then drawn into a double-clad D-shaped fiber with 
an outer cladding diameter of 125 µm. In the drawing process, the preform is vertically 
installed in the fiber drawing tower (Figure 3.6) before it is transferred into a high 
temperature furnace for heating and drawing process. The preform is heated and drawn 
at the temperature of 2050 °C. The D-shaped geometry of the cladding improves the 
pump absorption. The double-clad fiber allows the injected light to propagate into the 
cladding in contrast to the single mode fiber. The fabricated fiber is coated with a 
polymer resin with low refractive index of 1.379. In this thesis, we have selected only 
four fibers; LTY2, LTY3, LTY6 and LTY8 having Y/Al ratio of  0.84, 0.29, 0.95 and 
3.00, respectively. 
 
 
 
 
 
46 
 
 
 
 Figure 3.6: Schematic diagram of the drawing process. The left picture is the 
drawing tower used in the process. 
 
3.3 Optical characteristic of the preform and YTDF samples 
The distribution of the dopants along the whole diameter of the fabricated YTDF 
preform sample is analysed using an electron probe micro-analyser (EPMA) with the 
maximum spatial resolution of 30 µm. In the experiment, the polished preform sample 
with a thickness of 2.1 mm, is analysed after applying thin graphite coating layer for 
elemental distribution along the diameter of the central core. Figure 3.7 shows the cross 
sectional dopant distribution measured using the EPMA from one of our samples 
(LTY8). As seen in the figure, all the dopants are concentrated and homogeneously 
distributed at the core of optical perform. The core compositions of the preform is 
1.0Al2O3 – 3.0Y2O3 – 0.5Tm2O3 – 2.0Yb2O3 in terms of weight percentage (wt. %). The 
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preform profile was also analyzed by a preform analyzer (PKL 2600, Photon Kinetics, 
USA) to generate refractive index (RI) profiles as shown in Figure 3.8. From the profile 
plot, the difference in RI between the core and cladding is obtained. Using this value, 
the numerical aperture (NA) was calculated.  
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 Figure 3.7: EPMA plot of weight percentage versus cross sectional distance (µm) of 
LTY8 preform. 
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 Figure 3.8: RI profile of one the preform showing the index difference between core 
and cladding. 
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For inspecting the microstructure of the core glass, a SEM analysis of those 
preforms is performed. Samples with a thickness of around 3-4 mm were cut out from 
the preforms. Both sides of these samples were grinded and polished to obtain a 
thickness of around 1-1.5 mm which is suitable for micro-structural analysis with the 
maximum spatial resolution of 1 µm after applying thin graphite coating layer. Figure 
3.9 shows the SEM image of the core preform samples which indicates that there is no 
phase separated zone in the core formed during fabrication. As such, the light 
transference property of the core glass is very good. The presence of Y2O3 helps 
decrease the phonon energy of alumino-silica glass. The decreasing of phonon energy 
for both Al2O3 and Y2O3 assists in distributing ytterbium (Yb) and thulium (Tm) ions 
homogeneously into the core glass matrix which also increases the probability of 
radiative emission. 
 
 
 Figure 3.9: SEM image of the core of LTY8 preform, which is obtained after the 
fabrication process. 
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A geometry measurement of the YTDF was also carried out. Figure 3.10 shows 
the  microscopic image of the fiber taken by Olympus BX51 microscope attached to a  
charge-coupled devices (CCD) camera. As shown in the figure, the fiber has a D-shaped 
geometry, which functions to improve the pump absorption. The characteristics of the 
fabricated double-clad D-shaped YTDF samples are summarized in Table 3.1.  
 
 
 Figure 3.10: Cross section view of LTY8 optical fiber showing the D-shaped 
cladding structure. 
 
 Table 3.1: The characteristic of the double-clad YTDF samples. 
Sample Concentration of dopants into preforms (wt%) 
Yb and 
Tm Ratio 
(Yb:Tm) 
Core diameter 
of D-shaped 
fiber 
N.A. 
LTY2 0.78 Yb2O3, 0.68 Tm2O3, 0.95 Al2O3 and 0.80 Y2O3 1.15:1 23.87 µm 0.16 
LTY3 0.60 Yb2O3, 0.45 Tm2O3, 2.0 Al2O3 and 0.57 Y2O3 1.33:1 27.84 µm 0.25 
LTY6 1.98 Yb2O3, 0.8 Tm2O3, 2.0 Al2O3 and 1.90 Y2O3 2.5:1 15.87 µm 0.22 
LTY8 2.00 Yb2O3, 0.5 Tm2O3, 1.0 Al2O3 and 3.00 Y2O3 4.0:1 14.21 µm 0.26 
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The absorption spectrum of the 40 cm long LYT8 fiber sample is investigated 
using the Benthom loss measurement technique within the 350-1100 nm range. Then 
using Lambert-Beer’s law, absorbance is calculated for that length. Figure 3.11 shows 
the obtained absorbance converted into per centimeter length of fiber. From the figure, 
absorption peaks of Yb3+ are obtained at 975 nm and 920 nm due to electronic 
transitions from 2F7/2 to 2F5/2. Meanwhile, for Tm3+ ions there are three electronic 
transitions involved; 3H6 → 3H4, 3H6 → 3F2,3, 3H6 → 1G4, which correspond to 
absorption wavelengths of 789 nm, 678 nm and 465 nm respectively (Watekar et al., 
2005; Zhou et al., 2010a). The attenuation spectrum of the fiber was also measured 
using a cutback method at room temperature. In the experiments, a piece of 3 m and 0.5 
m fibers used to represent the long and short length respectively, are taken for 
measuring the attenuation spectrum using a white light source. Figure 3.12 shows the 
attenuation spectrum of LTY8 optical fiber, which indicates that the measured 
absorption peaks of Yb3+ and Tm3+ ions are almost similar to that of Figure 3.11. The 
absorption peak of Tm3+ ion is also observed at 1205 nm, which represents the 
electronic transition from 3H6 to 3H5. 
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 Figure 3.11: Absorption spectrum of LTY8 fiber per centimeter length. 
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 Figure 3.12: Attenuation spectrum of LTY8 fiber. 
 
3.3.1 Up-conversion (UC) luminescence characteristic    
The optically active materials in the core of the fiber are Yb and Tm ions. As 
shown in Figs. 3.11 and 3.12, Yb3+ ions have a wide absorption region ranging from 
910 nm to 1100 nm and thus the fiber can be easily excited by commercially available 
laser diode. Then, the excited Yb3+ ions act as a good sensitizer by transferring 
maximum energy to Tm3+ ions and produce a strong blue and red UC luminescence that 
can be seen by the naked eye as it scatters out from the fabricated fibers’ surface (Figure 
3.13). In the experiment, the emission spectra of the UC luminescence for all YTDF 
samples were investigated by pumping 1 m long of this fiber with 931 nm laser diode 
pump at room temperature. The emission light was collected by a large core multimode 
fiber which was connected to a spectrometer.  
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Figure 3.14 exhibits the UC luminescence of visible emission peaking at 483 
nm, 650 nm and 815 nm for Tm3+ and one peak at 1030 nm for Yb3+ at 931 nm pump 
power of 0.7 W. These luminescence peaks of 483 nm, 650 nm and 815 nm are 
attributed to the electronic transitions from the 1G4→3H6, 1G4→3F4, and (1G4→3H5 and 
3H4→3H6) manifolds, respectively. As shown in the figure, the intensity of the UC 
increased with the increased in Yb3+ concentration. This observation confirms the 
occurrence of energy transfer between the Yb3+ to Tm3+ ions since the luminescence is 
not observed in the singly doped thulium under the same excitation. It is also observed 
that the LTY8 and LTY6 pumping with 931 nm pump excitation shows the highest UC 
intensities for the three UC wavelengths (483, 650, and 815 nm) compared to LTY2 and 
LTY3. This is due to the higher amount of Yb3+ and Tm3+ ions in these fibers. The high 
Yb3+ ions indicate that more incident photons occurred between Yb3+ ions and the 
excitation pump, thus allows more photons to be absorbed and high energy transfer to 
the neighbouring Tm3+ ions. To understand the effect of Yb3+ concentration on UC 
luminescence, the spectra of LTY6 and LTY8 is observed under the same pumping 
excitation and pump power of 0.7 W. It is clearly observed that the Yb3+ luminescence 
intensity (1030 nm) gradually decreases as the Yb3+ concentration increased. The result 
indicates that the efficiency of the energy transfer from Yb3+ to Tm3+ is increased with 
the increase of Yb3+ concentration with respect to the Tm3+ ions. Higher luminescence 
emission at 483 nm and 650 nm wavelength was observed in LTY8 compared to LTY6. 
This is attributed to the more Yb3+ ions concentration to absorb the incident pump 
photons and transfer to the Tm3+ ions. However, at 815 nm emissions LTY6 shows the 
highest intensity. The fluorescence band at 815 nm is related to the two transitions 
which are 3H4 → 3H6  and 1G4 → 3H5 manifold. 3H4 → 3H6 and 1G4 → 3H5 transitions are 
dominant at low and high pump powers, respectively. This shows that the 3H4 → 3H6 
transition is dominant in the YTDF because the 815 nm emission is higher in LTY6 
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compared to that of LTY8 as shown in Figure 3.14. A high Yb3+ concentration may 
reduce the quenching effect in Tm3+ ions, however it causes the 3F5/2 level lifetime of 
Yb3+ ions to drop resulting in decreasing the energy transfer to the Tm3+ ions. 
Therefore, less ions population at 3H4 and 1G4 lowers the luminescence intensity for 
LTY8 at 815 nm. Figure 3.15 shows the up-conversion spectra from LTY8 fiber at 
different input pump power. As shown in the figure, the intensity of up-conversion 
luminescence emission increases with pump power which indicates that the efficiency 
of the ET increases as well.  
 
 
 Figure 3.13: UC luminescence from the YTDF observed by a naked eye. 
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 Figure 3.14: Emission spectra of all fibers at 931 nm pump power of 0.7 W. 
 
 
 Figure 3.15: Up-conversion luminescence spectra of LTY8 fiber at various 931 nm 
pump powers. 
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 Figure 3.16 shows a plot of UC peak intensity against pump power. It is 
observed the curve of intensity increment displays an exponential function of pump 
power for all UC wavelengths. As shown in Figure 3.16, at high pump power, main 
emission was dominated by 483 nm, while 815 nm photons dominates the overall UC 
emission at low pump power. At lower pump power, less amount of pump power 
absorbed by the sensitizer thus decreasing the number of photons transferred to the 
Tm3+ ions. Therefore, only two photons absorption needed to trigger the 3H4 → 3H6 
transition compared to the number of Tm3+ ions to populate 1G4 level which needs three 
photons absorption. Since the 815 nm UC emission involves 3H4 → 3H6 transition, thus 
UC emission at this wavelength is dominant. At higher pump power, the amount of 
Tm3+ ions that populate 1G4 level increased significantly, thus the dominant transition 
for 815 nm UC emission is originating from 1G4 → 3H5 transition. However, due to the 
high branching ratio of silica host for 483 nm (Walsh et al., 2004), the luminescence 
switching occurred in which the 483 nm UC emission dominates. It can be seen from 
Figure 3.16, that the blue luminescence (483 nm) is much higher in intensity as 
compared to the red luminescence (650 nm).        
 
 Figure 3.16: UC peak intensity against pump power for LTY8. 
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The UC process can be explained using Figure 3.17. The Yb3+ ions will 
experience population inversion at 2F5/2 level due to the photon absorption from the 931 
nm pumped. The excited ion will emits the similar amount of energy while decaying to 
the 2F7/2 level thus transferred some of their energy to the neighbouring Tm3+ ions which 
indicate the 1st ET while the other portion will emits at 1030 nm wavelength (Yb3+ 
luminescence). The UC process in YTDF involves three ET steps. The 1st ET will 
populate the Tm3+ ions from the ground state level, 3H6 to 3H5 level. Due to the narrow 
gap between 3H5 to 3F4, the ions is then relaxes to the metastable state of 3F4 which has a 
longer lifetime. Upon relaxation, the Tm3+ ions absorb the second photon emission from 
Yb3+ ions thus promoting it to the higher level of 3F2,3 to indicate the 2nd ET. Again, the 
Tm3+ ions will relax at the metastable state of 3H4 due to the non-radiative multi-phonon 
emission. At this level, some of the ions will emit light at 815 nm to the ground state 
level; 3H6 while some of it will absorb the continuous photons emission from Yb3+ 
indicating the 3rd ET from Yb3+ to Tm3+. This absorption will excite Tm3+ ions to the 
1G4 level. At this level, excited ions will produce the three UC luminescence lines of 
483 nm, 650 nm and 815 nm due to the electronic transition from 1G4 → 3H6, 1G4 → 3F4 
and  (1G4→3H5 and 3H4→3H6) respectively.  
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 Figure 3.17: The proposed mechanism for UC processed occurred in YTDF via 
three steps energy transfer UC process. 
 
To explain the above experimental results, the following equations are proposed for the 
up-conversion emissions under excitation at 931 nm:  
{|(2F7/2* + ℎ}L~ → {|(2F5/2* (3-2) 
{|(2F5/2* → ℎL~ + e (3-3) 
e(3H6* + e → e(3H5* → e(3F4* + ∆ (3-4) 
e(3F4* + e → e3F4,L → e(3H4* + ∆ (3-5) 
e(3H4* + e → e(1G4* + ℎH~  (3-6) 
e(1G4* → ℎCH~ + ℎL~  (3-7) 
 
where ℎ is the energy of absorbing and emitting photons during transitions, e 
represent a resonant energy transfer and ∆ indicate the heating effect due to the non-
radiative emission. 
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 In order to provide better understanding of the ET process from Yb3+ to Tm3+, 
double logarithmic plot of intensity of Tm luminescence for 483 nm versus the intensity 
of Yb luminescence at 1030 nm is obtained. Figure 3.18 shows the plot for LTY6 and 
LTY8 samples, in which the spectral intensities are higher. As shown in the figure, the 
linear slope values are obtained at 2.60 and 2.98 for LTY6 and LTY8, respectively. This 
indicates that the 483 nm luminescence occurs due to the transition from the 1G4 to 3H6 
state after undergoing a three-step ET process. 
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 Figure 3.18: Double logarithmic plot for 483 nm versus 1030 nm luminescence for 
LTY6 and LTY8 fiber samples. 
 
3.4 Amplified spontaneous emission (ASE) 
In this section, the ASE characteristic of the YTDF (LTY6) is investigated for 4 
different pumping wavelengths; 800 nm, 905 nm, 931 nm and 1552 nm. The 905 nm 
and 931 nm pumps are multimode whereas the 800 nm and 1552 nm are single mode. 
The experimental setup is shown in Figure 3.19 where the multimode pump is launched 
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2.98 
2.60 
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into the YTDF via a multimode coupler (MMC). The MMC has a multimode input fiber 
with core/cladding diameter of 105/125 µm while the output fiber is a double-clad fiber 
with a core/inner cladding/outer cladding diameters of 8/105/125 µm. The generated 
ASE from YTDF was detected using an Optical Spectrum Analyzer (OSA) operating in 
a range of 1200 nm - 2400 nm wavelength with a resolution of 0.1 nm. The experiment 
is repeated with the single-mode pumping scheme by replacing the MMC with a 
wavelength division multiplexer (WDM).    
Laser diode (LD)
MMC / WDM
YTDF OSA
 
 Figure 3.19: Experimental setup for ASE spectrum measurement. 
 
Figure 3.20 shows the ASE spectra of the YTDF at different pumping 
wavelengths. In the experiment, the LTY6 length is fixed at 1.5 m while all the pump 
powers are fixed at 1 W except for 800 nm pumping, which has the maximum output 
power of 200 mW. As shown in the figure, the ASE spectra peak at 1910 nm due to the 
transition of thulium ion from 3F4 to 3H6. It is observed that both cladding pump 
wavelengths provide a higher ASE power compared to that of core pumping scheme. In 
this YTDF fiber, the ytterbium ions were used as a sensitizer to the thulium ions, thus 
905 nm and 931 nm pumping excitation were used to excite the ytterbium ions. YTDF 
will experience the UC process in which the excited ytterbium ions will excite 
neighbouring thulium ions to the Tm3+ excited state in the 3-step electronic transitions 
process as mentioned in section 3.3.1. Based on Figs. 3.11 and 3.12, the absorption 
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cross sections at 905 and 931 nm are higher than that of 800 nm and 1552 nm. This also 
contributes to the higher ASE power.   
 
 Figure 3.20: The ASE spectrum for LTY6 at 1.5 m using different pumping 
wavelength. 
 
For single-mode pumping with 800 nm and 1552 nm, the pump light is directly 
launched into the core of the doped fiber and thus prevents the UC process. This is due 
to the absence of energy transfer from Yb3+ ions to Tm3+ ions. Therefore the ASE 
output power for the core-pumping is significantly lower than the cladding pumping 
scheme as depicted in Figure 3.20. Pumping with 800 nm pump allows the Tm3+ ions to 
excite to the 3H4 level and experience non-radiative decay to the 3F4 level before emits at 
1910 nm wavelength whilst it drop to ground state. Another process that may happen is 
‘2 to 1’ cross relaxation. As explained in Chapter 2 (literature), when a significant 
amount of Tm3+ ions occupy the ground state, instead of experiencing multi-phonon 
emission, an energy transfer to a nearby Tm3+ ions happens. This process allows two 
thulium ions to occupy the 3F4 upper laser level with only one pump photon. Both ions 
then descend to the ground state emitting the 1910 nm emission. Therefore, the 800 nm 
61 
 
pumping is expected to produce a higher ASE power than 1552 nm when the YTDF is 
pumped with the same amount of pump power. Aside from pumping with 800 nm, 
pumping using 1552 nm source only allows ground state absorption. The pumping 
process only involves thulium ion in the ground state absorbs 1552 nm laser light and 
excites to the upper laser level, 3F4 before drops back to the ground state which emits at 
1910 nm emission. 
The emission at 1470 nm was also observed with 800 nm, 905 nm and 931 nm 
pumping due to the population inversion of thulium ion at 3H4 level. Emission from 
energy transition from 3H4 to 3F4 creates the emission at 1470 nm region as shown in 
Figure 3.20 (Peterka et al., 2007). However, the S-band emission cannot be seen when 
1552 nm pumping excitation was used to pump the YTDF. This is due to the direct 
excitation to the 3F4 level without any emission at 3H4 to 3F4. Figure 3.21 shows the 
possible energy transfer from Yb3+ to Tm3+ associated to the ASE emission pumping by 
931/905 nm, 800 nm and 1552 nm pumping excitation. Eq. (3-8) to (3-10) and (3-11) to 
(3-13) shows the electronic transition associated with the emission at 1470 nm and 1910 
nm respectively.  
{|(2F5/2* + e(3F4* → {|(2F7/2* + e3F2,3 (3-8) 
 e3F2,3 → e(3H* + ∆ (3-9) 
e(3H* → ℎ~ + e(3F* (3-10) 
{|(2F5/2* + e(3H6* → {|(2F7/2* + e(3H5* (3-11) 
 e(3H5* → e(3F* + ∆ (3-12) 
e(3F* → ℎ}~ + e(3HC* (3-13) 
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Figure 3.22 exhibits the ASE spectra of the LTY6 at different 905 nm pump 
powers. It is obvious that the peak power and the ASE bandwidth increase with the 
increment in pump power. At the maximum power of 1.0 W, a broadband ASE 
spectrum with a 10 dB bandwidth of more than 330 nm, which covers the wavelength 
range from 1770 nm to 2100 nm, is observed. A ripple and peaking at around the 1880 
nm region is due to the spurious reflection inside the gain medium.   
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 Figure 3.21: The possible energy transfer from Yb3+ to Tm3+ ions for the fabricated 
YTDF and the originating of ASE emission. 
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 Figure 3.22: ASE spectrum at various pump power using 905 nm pump. 
 
3.5 Fiber laser at 2 micron region using the double-clad YTDF 
 As discussed earlier, 2 micron laser sources are of interest for many applications 
in the scientific, defense and medical fields (Digonnet, 2002; Kurkov et al., 2010). The 
2 µm radiation has a strong absorption characteristic in water and biological tissues and 
thus these lasers have a number of potential applications in the medical field. Incisions 
in porcine tissue and chicken breast have been recently demonstrated with a 1.98 µm 
continuous wave Tm-doped fiber laser (TDFL) (Pierce et al., 1999; Pierce et al., 2001). 
Also, the penetration depth of 2 µm laser radiation matches with the subcutaneous depth 
of the pain nerve receptors in the skin such that the 2 µm laser makes an near-ideal 
source for experimental pain research as the damage on the skin surface can be 
minimized (Opsommer et al., 2001). Recently, tissue interactions with a Q-switched 
TDFL have been reported (El-Sherif et al., 2003a). The 2 µm laser normally uses TDF 
as a gain medium, which exhibits a significant advantage over other rare earth ions 
whereby the slope efficiency can exceed the Stokes limit (Hayward et al., 2000; Tao et 
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al., 2013). As explained earlier, 2 micron lasing  is achieved due to thulium ions 
transition from 3F4 → 3H6. The ideal pumping wavelength is ~790 nm because of the 
cross-relaxation energy transfer between thulium ions, where two ground-level thulium 
ions can be excited to the upper lasing level of the 3F4 by absorbing only one pump 
photon (Jackson, 2004). Nevertheless, high-power laser diode at this pump wavelength 
is very limited and costly in commercial market. Pumping thulium at other absorption 
wavelength of ~1200 nm or ~1600 nm needs intermediate laser source owing to the lack 
of high-power laser diodes at this wavelengths.   
 Due to the mentioned difficulties in pumping thulium at high-power level, Tm 
ion is doped with Yb ion and pump using 910 – 980 nm. The (quasi-) resonant of Tm3+ 
3H5 level with the excited Yb3+ level of 2F5/2 allowing for the possibility of sensitization 
of Tm3+ with Yb3+, similar to the case of Ytterbium Erbium doped fiber (Simondi-
Teisseire et al., 1996). In this section, a Ytterbium Thulium co-doped fiber laser 
(YTDFL) is demonstrated by using a newly developed double-clad YTDF as a gain 
medium. The experimental setup of the proposed YTDFL is depicted in Figure 3.23. It 
consists of a piece of the fabricated YTDF (LTY8) as a gain medium, a multimode 
combiner and a 10 dB output coupled to the OSA. The LTY8 length is fixed at 1 m, 
which optimized with the pump power. A 905 nm laser diode pump is coupled into the 
YTDF via the multimode combiner. The output of the YTDFL is tapped out using a 10 
dB output coupler, which allows 90% of the light to oscillate in the cavity laser and 
characterized by the OSA. The experiment is repeated using another pump wavelength 
of 931 nm and 980 nm for comparison purpose. This laser device contains no adjustable 
parts and can only be controlled externally by the amount of pump power that is 
injected. 
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Figure 3.24 shows the output power of the proposed YTDFL against the 
launched pump power for two different pump wavelengths of 905 and 931 nm. As 
shown in the figure, lasing starts at a different threshold power depending on the YTDF 
lengths and the laser output is observed to linearly increase with the launched pump 
power. The threshold pump powers are obtained at 0.6 and 1.0 W with 905 and 931 nm 
pumping, respectively. A maximum output power of 10.5 mW was achieved with the 
905 nm pumping at the maximum pump power of 1.5 W. The laser output showed no 
evidence of roll-over even at the highest output power, which was limited only by 
available pump power. There was no evidence of any power limitation due to nonlinear 
scattering, nor was any stimulated Raman scattering observed. Figure 3.25 shows the 
output spectrum of the attenuated laser with 980 nm pumping at pump power of 1.3 W. 
However, there is no lasing occurred as shown in the figure. The slope efficiency of 
1.14% is obtained with 905 nm pumping, which is much higher than that of 931 nm 
pumping. The slope efficiency is only 0.42% with 931 nm pumping. This shows that the 
absorption and emission cross sections of the fabricated TYDF is higher in 905 nm 
 Figure 3.23: Experimental setup for the ring YTDFL operating at 2 µm region. 
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compared to that of two other wavelengths. The low output power mainly due to the 
cladding pump that provides insufficient absorption of a pump light. 
  
 Figure 3.24: Output power against the pump power at two different pumping 
wavelengths of 905 nm and 931 nm. 
 
 Figure 3.25: The attenuated output spectrum of the YTDFL with 980 nm pumping 
of 1.3 W. 
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 Figure 3.26 shows the output spectrum of the YTDFL at different pump 
wavelengths with the input pump power of 1.1 W. As shown in the figure, the YTDFL 
operates at 1948.4 and 1947.2 nm with 905 and 931 nm pumping, respectively. The 
peak power of the laser is also observed to be higher with 905 nm pumping compared to 
that of the 931 nm pumping due to the same reason as explained earlier. The peak signal 
to noise ratios are obtained at 50 and 40 dB with 905 and 931 nm pumping, 
respectively. This is attributed to the population inversion which is more efficient with 
905 nm pumping compared to 931 nm pumping. These results show that the 905 nm is 
the best pumping wavelength for the proposed ring YTDFL. The use of ring 
configuration usually exhibit low pump power threshold since laser action depends on 
the gain per unit pump power. Nevertheless, the proposed ring laser suffers from mode 
competition, thus degrade the performance of the slope efficiency. The efficiency of the 
proposed YTDFL can be further improved by using a linear configuration with fiber 
Bragg gratings (FBGs) to reduce the cavity loss. 
 
 
 Figure 3.26: Output laser spectrum for different pumping wavelengths. 
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3.6 YTDFL with linear configuration 
To achieve stable and efficient fiber lasers, fiber Bragg grating (FBG) was 
incorporated in the cavity design. Unlike free running laser, the oscillating light beam in 
the cavity will generate a population inversion in the selected wavelength of FBG. 
Therefore, the generated fiber laser output will have a significantly narrow linewidth 
and able to achieve single-frequency operation via suppression of the mode competition 
(Ball et al., 1992). Figure 3.27 shows the experimental setup for the proposed YTDFL 
using the fabricated double-clad YTDF as a gain medium in conjunction with a cladding 
pumping approach. In this approach, the double-clad fiber is forward pumped by a 
multimode pump via a multimode combiner (MMC). In double clad fiber, the pump 
light travels down the fiber in the first cladding and get absorbed by the dopants, in this 
case the Yb ions when it overlaps with the core. The D-shape geometry of the cladding 
improves the pump absorption and furthermore, it is cheaper to be fabricated compared 
to other geometries such as hexagonal and rectangular. The FBGs with a reflectivity of 
99.6% and 50% are fusion spliced to signal port of MMC and the active fiber 
respectively to establish a Fabry–Perot laser cavity. 
The forward pumped YTDF generates an ASE centered at ~1910 nm region, 
which oscillates in the cavity to lase at the peak wavelength of the overlapping spectrum 
between the two FBGs. Figure 3.28 shows the transmission spectra of the FBGs used in 
the experiment. Both FBGs operate at the center wavelength of 1901.6 nm and 3 dB 
spectral bandwidths are measured to be around 1.5 nm and 0.6 nm for the reflectivity of 
99.6% and 50% respectively. The spectrum and power of the output laser are obtained 
from the output port of the 50% FBG and measured using an OSA and power meter, 
respectively. The Y/Al ratio is a very important parameter in determining the 
performances of the fabricated YTDF. From fabrication point of view, when the ratio 
becomes greater than 3 the core glass becomes opaque in nature and loss of the 
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fabricated fiber is also increased. For this reason we have selected only two fibers,  
LTY6 and LTY8 having Y/Al ratio of 1.0 and 3.0 respectively for the experiment. The 
experiment is carried out using two different multimode pumps operating at wavelength 
around 931 nm. 
 
Multimode pump
MMC
(980 / 2000)
YTDF
99.6% 50%
OSA / PM
 
 Figure 3.27: The experimental setup for the proposed YTDFL with linear 
configuration. 
 
 
 Figure 3.28: Transmission spectra of both FBGs used in the laser cavity. 
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 This experiment is firstly conducted to find the optimal length to operate the 
proposed YTDFL for both fiber samples using 931 nm pumping. Figs. 3.29 and 3.30 
show the laser output power against multimode pump power for YTDF samples LTY6 
and LTY8 respectively at various fiber lengths. Both YTDFLs configured with LTY6 
and LTY8 show the best lasing action operation at 2 m length where they exhibit the 
highest efficiencies of 2.23% and 2.47% respectively with the lowest lasing threshold. 
By pumping the doped fiber using 931 nm pump, the Yb3+ ions are excited to 2F5/2 state 
with multiphonon assisted anti-Stokes excitation process. From 2F5/2, the Yb3+ ions relax 
to the ground state and transfer their energy to the neighbouring Tm3+ ions non-
resonantly. The Tm3+ ions absorb the incident infrared photon from the Yb3+ ions and 
thus promoting them from 3H6 to 3H5 level. The narrow gap between the 3H5 and 3F4 
levels indicates a short ion lifetime at the 3H5 level. Due to multi-phonon decay, ions at 
this level relax to the metastable level of 3F4 which offers longer lifetime. The 
population inversion between the level generates an ASE light centered at 1910 nm 
region, which oscillates in the Fabry–Perot cavity to realize a laser at 1901.6 nm. 
However, the slope efficiency of the proposed laser is relatively low due to three 
possible reasons. The first reason is the size of the fabricated fiber core diameter, which 
is very large compared to that of the FBG fiber (around 7–8 µm). Therefore, when both 
fibers are spliced together, it generates a higher splicing loss of around 1 dB as a large 
portion of the pump power leaks out. The second reason is because we used 931 nm 
multimode pump source for which the absorption cross-section coefficient of Yb3+ 
peaks at around 975 nm. It is expected the proposed laser can produce a higher 
efficiency if the optimum pump wavelength is used. The third reason is that the higher 
possibility of multi-step energy transfer, which leads to upconversion and blue emission 
degrades the fiber laser efficiency.  
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 Figure 3.29: Output power of the proposed YTDFL against the pump power at 
different YTDF lengths using LTY6 samples as the gain medium. 
 
 
 Figure 3.30: Output power of the proposed YTDFL against the pump power at 
different YTDF lengths using LTY8 samples as the gain medium. 
 
y = 0.0084x - 13.355
R² = 0.9893
y = 0.0223x - 25.526
R² = 0.9991
y = 0.0131x - 17.232
R² = 0.9919
0
2
4
6
8
10
12
14
16
1100 1300 1500 1700 1900 2100 2300
O
u
tp
u
t 
p
o
w
e
r 
(m
W
)
Pump power (mW)
1.5 m
2.0 m
2.3 m
y = 0.0213x - 26.233
R² = 0.9958
y = 0.0247x - 23.738
R² = 0.9977
y = 0.022x - 32.076
R² = 0.9996
0
2
4
6
8
10
12
14
16
18
900 1100 1300 1500 1700 1900 2100 2300
O
u
tp
u
t 
p
o
w
e
r 
(m
W
)
Pump power (mW)
2.3 m
2 m
2.5 m
72 
 
Figure 3.31 shows the output spectrum of the YTDFL with 931 nm pumping and 
LTY8 recorded by an OSA. It operates at 1901.6 nm, which coincides with the center 
wavelength of both FBGs with a signal to noise ratio of more than 40 dB. The 3 dB 
bandwidth is measured to be less than 0.05 nm limited by the OSA resolution. High 
thulium doping concentration for both YTDF samples lead to efficient stepwise energy 
transfer such that the optimum length for lasing is comparatively short. To avoid 
clustering from high concentration of rare earth ions doping, yttria and aluminium are 
added as host modifiers. The presence of Al and Y2O decreases phonon energy in the 
fiber and assists in distributing Yb and Tm ions homogeneously into the core glass 
matrix which also increases the probability of radiative emission and improves lasing 
efficiency. Several advantages of using short gain medium when generating laser are 
minimum reabsorption of pump power that results in high threshold and low efficiency 
laser, an increase in the stimulated scattering process threshold which prevents roll-off 
in output power, less total propagation loss in the setup and less use of fiber materials. 
 In the present work, yttria-alumino rich Tm2O3 and Yb2O3 doped silica glass 
based optical fibers was fabricated because of the highest known vibrational energy in 
yttria-alumino-silicate (Y2O3–Al2O3-SiO2) glass, is about 950 cm-1 (Jander et al., 2004), 
which is less than the maximum vibrational energy, around 1100 cm-1, in silica glass 
(Sigel et al., 1978). Consequently, we have chosen to combine the SiO2 matrix with 
Al2O3 and Y2O to increase the optical efficiency of the rare-earth dopants and avoid 
clustering effects. Moreover, Al3+ and Y3+ have the same electronic valence as rare earth 
ions, as well as similar lattice structures of Al2O3, Y2O3 and Yb2O3 oxides. In the 
fabricated fiber, we have also deposited SiO2-P2O5 porous un-sintered multiple layers 
where the doping level of P2O5 content is very low, around 0.10–0.20 mol%, in order to 
provide good adhesion between layers (Ray, 1974). Otherwise, there will be 
disturbances of soot layer either during solution soaking process or thermal drying 
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process. Such low content of P2O5 does not increase the phonon energy of the glass host 
very much.  
 On the other hand the transition temperature of an oxide glass is normally 
related to a combination of several factors such as the density of covalent cross-linking, 
the number and strength of the coordinate links formed between oxygen and the cation, 
and the oxygen density of the network (Lahoz et al., 2011). With increasing Y-content, 
more coordinate links are formed between oxygen and yttrium. More open structure 
needed to accommodate larger yttrium ions and depolymerization in the network with 
decreasing silica content or increasing the Y/Al ratio. The fabricated YTDFs were 
characterized by non-exponential decays. It is found that the Yb3+ decay time was 
shorter than the decay comprised of the fluorescence contributions from both Yb3+ and 
Tm3+ ions. The time constant of the Yb3+ decay amounted to 540 µs as compared to 
approximately 650 µs of the decay of the gathered fluorescence from Yb3+ and Tm3+. In 
fact, the quantum yield of the Yb3+ to Tm3+ energy transfer process of such kind of 
Tm2O3-Yb2O co-doped glass preform is estimated to be about 0.98, whereas it reduces 
to about 0.02 in the rare-earths poor phase (Paul et al., 2010). This means that about 
every Yb3+ ion that is excited in the rare-earths rich phase transfers its energy to Tm3+ 
ions. 
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 Figure 3.31: Output spectrum of LTY8 at 1.0 W pump power using 931 nm pump 
excitation. 
 
 From Figures 3.29 and 3.30, it can be seen that the YTDFL configured with 
LTY8 produces a better efficiency compared to that of LTY6. Referring to Table 3.1, 
LTY8 has a higher ytterbium to thulium doping concentration ratio, higher NA and also 
smaller core radius compared to that of LTY6. Higher NA allows the fiber to maintain 
the launched pump brightness in spite of smaller core radius. According to (Muendel, 
1996), the pump absorption is proportional to the ratio of the core area over the inner 
cladding area, thus as the core radius reduces, the ratio of doped core area to cladding 
area increases, hence improving the overlapping between the pump light and the active 
core area. This enhances the pump light absorption and consequently the lasing action 
performance of the fiber. Apart from that, optical fibers with larger NA can collect more 
light especially in multimode structure thereby allowing them to generate higher 
efficiency fiber laser. Since LTY8 has a higher ytterbium ion concentration, the rate of 
cross relaxation between these ions is higher resulting in more energy transfer to 
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thulium which lowers the threshold of the generated laser. Furthermore, higher 
ytterbium to thulium concentration ratio contributes to more efficient energy transfer 
between the sensitizer and acceptor ions in LTY8. However, with the use of a 
unidirectional auxiliary pump at approximately 1600 nm in conjunction with a 980 nm 
primary pump, it was reported that an increase in Tm concentration along with Yb:Tm 
ratio of ~1 leads to the best laser performance (Pal et al., 2010). The laser results in this 
work are clearly better than those obtained in (Pal et al., 2010), which are most 
probably due to the pump wavelength used and the improved dopants compositions.  
 By using a 2 m long LTY8 as the gain medium, the proposed YTDFL performs 
the best with a threshold pump power of 961 mW with a slope efficiency of 2.47%. The 
performance of YTDFL is also investigated for two different pump sources, which have 
almost identical operating wavelength at around 931 nm. They have a slightly different 
spectrum as shown in Figure 3.32 and thus they are expected to perform differently. 
Aside from demonstrating laser with the highest power at wavelength of 931 nm (pump 
A), pump A has another peak with considerable power at 926 nm whereas pump B does 
not. Figure 3.33 compares the performance of the proposed YTDFL between two 
different pump sources. It is observed that the laser efficiency generated by pump A is 
better compared to that of pump B. This is attributed to the fiber’s pump absorption, 
which peaks at around 920 nm and 975 nm and thus the fiber has more absorption at 
926 nm compared to the wavelength longer than 931 nm. This results in an 
improvement of both laser’s threshold and efficiency of the YTDFL as shown in Figure 
3.33. With pump B, the laser threshold and efficiency are obtained at 1300 mW and 
1.89% respectively, which are slightly inferior to that of pump A. The maximum power 
produced by pump A is 15.5 mW at the pump power of 1600 mW. It is obvious that 
higher output is expected with the use of higher pump power. Since the absorption 
cross-sectional area of Yb3+ is higher at 973 nm wavelength, the experiment is repeated 
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using this pump source in order to achieve higher efficiency. The laser threshold is 
obtained at the higher pump power of around 2600 mW and the laser output power is 
obtained at 17 mW with pump power of 2700 mW. However, the laser is unstable and 
diminishes as the pump power is further increased. The proposed YTDFL is 
theoretically less efficient than the conventional Tm system with 780 nm pumping, but 
the cost of high power 931 nm laser diodes is so much lower than that of 780 nm laser 
diode. Another benefit of the proposed 2 µm laser system is its operation in eye-safer 
wavelengths, where permissible free space transmission levels can be several orders of 
magnitude greater than 1 µm. 
 
  
 Figure 3.32: Output spectra of two different 931 nm pump sources used in the 
experiment. 
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 Figure 3.33: Output power against pump power characteristics for the proposed 
YTDFL with two different pump sources. 
 
3.7 Enhancement of YTDFL efficiency using the dual-pumping method 
Higher output power can be achieved either by adding doping concentration or 
applying dual pumping method (Kasamatsu et al., 1999; Ng et al., 2002). A very high 
doping concentration may induce clustering effect among the ions that prevents ion 
excitation. Adding host modifiers such as Al ions may reduce the effect, but it may also 
compromise the fiber’s mechanical property. Dual-pumping approach has been 
proposed and demonstrated for gain enhancement of Thulium-doped fiber amplifiers 
(TDFAs) in a number of research works, (Martins-Filho et al., 2003; Peterka et al., 
2004). However, the focus of these works is on the enhancement of S-band gain 
wherein the emphasis is more on the emission of 3H4 level of the thulium ions. In this 
section, a dual-pumping scheme is utilized to improve the efficiency of the proposed 
YTDFL, which the configuration is based on a newly fabricated double-clad YTDF as 
the gain medium and a pair of FBG that form a linear cavity resonator. To our 
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knowledge, this is the only experimental laser demonstration of the thulium transition 
3F4 → 3H6 in a silica fiber which employs the dual pumping scheme.  
The experimental setup of the double-clad YTDFL based on dual-pumping 
scheme is shown in Figure 3.34. The setup is almost similar to Figure 3.28, which uses 
the same MMC and FBGs. The YTDF is fusion spliced to an output port of a MMC. An 
FBG with a reflectivity of 99% was spliced to the input signal port of the MMC while 
another FBG with a reflectivity of 50% was fusion spliced to the output end of the 
YTDF (LTY8) to create a cavity. Figures 3.34(a) and (b) shows the proposed 
configurations with a multimode main pump and another multimode or single mode 
pump as an auxiliary pump respectively. The experiments were carried out using 
various combinations of pump wavelengths. In this experiment, the length of the YTDF 
was fixed at 2 m for optimum laser performance. In the setup of Figure 3.34(a), 905 nm 
and 931 nm (which is used as pump A in the previous experiment) are used alternately 
as the main and auxiliary pump. Both pumps are injected into the inner cladding of the 
YTDF via a multimode combiner to create a population inversion and then ASE which 
oscillates in the linear cavity to generate laser at the Bragg wavelength of 1901.6 nm. In 
Figure 3.34(b), a single mode pump of 800 nm or 1552 nm is used as the auxiliary 
pump while a multimode pump of 905 nm or 931 nm is used as the main pump. The 
output of the laser is tapped out from the cavity via the output port of the second FBG 
with 50% reflectivity. The output spectrum and power are measured by the OSA and 
power meter (PM), respectively. 
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 The performance of the proposed YTDFL is firstly investigated with and 
without the auxiliary pump using two different multimode pumps of 931 nm and 905 
nm according to the setup of Figure 3.34 (a). Figure 3.35 shows the experimental result 
where the unshaded legends indicate the results of the lasers without the auxiliary 
pump. With 931 nm pumping, the YTDFL has an efficiency of 1.24% with threshold 
pump power of 1200 mW. However, using 905 nm pumping, the efficiency drops to 
0.99% and the threshold pump power increases to 1500 mW. This is most probably due 
 Figure 3.34: Configurations of the proposed YTDFL with dual pumping scheme 
when the auxiliary pump is (a) multimode (b) single mode. 
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to two main reasons; the first reason is the absorption/emission cross-section of the 
YTDF is slightly higher at 931 nm compared to the one at 905 nm. The second reason is 
the cavity loss is slightly lower at longer wavelength and thus the operation of the laser 
is more efficient with the use of 931 nm pump. To measure the effects of dual pumping 
on the efficiency and output power of the laser, a main pump is used to initiate lasing 
before launching of an auxiliary pump which helps to increase the output power. First, 
905 nm pump is used as the main pump alone and its power is increased from 1500 mW 
to the maximum level of 2100 mW. Then the auxiliary 931 nm pump is launched and its 
power is increased every 100 mW to record six new readings until it maximum output at 
the total power of 2700 mW. From the graph, the efficiency is seen to improve by 
1.91% to 2.90% with the incorporation of the auxiliary pump. As the 905 nm photons 
are inefficiently absorbed, the amount of excited ytterbium ions is limited. When the 
931 nm light is launched into the gain medium, more ytterbium ions occupy the excited 
state thereby increasing the energy transfer process. Therefore, the population of 
thulium ions at the upper state level also increases, and hence the laser efficiency 
improves. On the other hand, by adding 905 nm pump as an auxiliary pump for 931 nm 
pumped YTDF, the efficiency of the laser slightly reduces from 1.24% to 0.60%. This is 
most probably due to the early saturation of the Yb3+ ions when 931 nm main pump is 
used, thus reduces the energy transfer to the Tm3+ ions as the 905 nm pump power 
increases.  
However, instead of having the highest efficiency of 2.90%, this combination of 
multimode pumps allows massive energy transfer from Yb3+ ions and UC occurred in 
the gain media. The ESA process introduces multistep excitations in a form of non-
radiative decay which leads to the unwanted heat. Therefore, the core temperature will 
increase and the fiber may suffer from thermal effects such as heating, quenching and 
lensing affecting the efficiency of fiber laser (Jeong et al., 2005). 
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 Figure 3.35: The performance of the YTDFL as another multimode pump is added 
as an auxiliary pump. 
 
Figure 3.36 shows the experimental results obtained by the proposed YTDFL of 
Figure 3.34(b) where another dual pumping scheme combining a multimode and single 
mode pump is implemented. In order to increase the output power and efficiency total 
input power needed is high. Due to the high UC process which also reduces the 
efficiency of the laser when multimode pump is combined, we propose the use of 1552 
nm and 800 nm laser diode as auxiliary pump. Both pumps only generate ground state 
absorption (GSA) in the fiber, thus high output power may be achieved with lower total 
input power. Firstly, the performance of the YTDFL is investigated when a single-mode 
1552 nm is added in the cladding-pumped fiber laser. For this experiment, a fixed 1552 
nm pump power of 32 mW is launched into the system before we start increasing the 
power of the multimode pump. As shown by the blue shaded triangle legend in Figure 
3.36, when the 1552 nm pump is coupled with the 931 nm source, the laser is generated 
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at 1.9 µm at the threshold pump power of 1332 mW with an efficiency of 2.65%. The 
efficiency was improved by 1.41% as compared to the result of using 931 nm laser 
diode alone as a pump source. By combining 1552 nm single mode pump with 905 nm 
multimode pump, the efficiency of the laser increases by 0.41% from 0.99% to 1.40% 
with laser threshold at 1400 mW as shown by the unshaded triangle legend in Figure 
3.36. It is found that the combination of single mode 1552 nm and multimode 931 nm 
pumps provides a better lasing operation compared to than the combination of 1552 nm 
and 905 nm pumps. In addition to the photon absorption donated by ytterbium ions, 
1552 nm incident pump increases the GSA of thulium ions caused by higher population 
inversion in the upper laser level. 
In another experiment, 800 nm single mode pump is used as the auxiliary pump 
instead of 1552 nm pump. Similar to the previous experiment, a fixed 800 nm pump 
power of 200 mW is launched into the system before we start increasing the power of 
the multimode pump. As compared to the previous 1552 nm pumping, the efficiency of 
this laser was higher and the threshold was lower. By combining 905 nm and 800 nm 
pumps, the lasing efficiency was improved by 1.78% and the threshold was reduced to 
1400 mW. As indicated by the shaded square legend in the figure, combining 931 nm 
and 800 nm pumps produces an even better lasing output with relatively higher 
efficiency up to 2.58% and a lower threshold pump power of 1200 mW. This is due to 
the 2:1 cross relaxation that occurs in the fiber which allows a large number of thulium 
ions to occupy the upper laser level of 3F4 thus improving the laser efficiency.  
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 Figure 3.36: The performance of the YTDFL as another single mode pump is added 
as an auxiliary pump. 
 
Figure 3.37 shows the attenuated optical spectrum recorded by an OSA for the 
proposed laser. It operates at 1901.6 nm, which coincides with the center wavelength of 
both FBGs with a signal to noise ratio of more than 40 dB. The 3 dB bandwidth is 
measured to be less than 0.05 nm and is limited by the OSA resolution. It is found that 
the best efficiency of 2.9% is obtained by combining 905/931 nm pump with the highest 
output power of 23 mW at 2700 mW input pump power. However, in order to generate 
the same amount of output power, combining 1552/931 nm source require 2128 mW 
total input power. The best combination of pumps would be 800/931 nm where only a 
total pump power of 1802 mW is required to generate 23 mW of 1.9 µm laser output.  
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 Figure 3.37: The attenuated output spectrum of the proposed laser. 
 
3.8 Summary 
 A lasing action from newly fabricated double-clad YTDFs has been successfully 
demonstrated. A single-mode laser operating in the 1900 nm region is demonstrated 
using the fiber in conjunction with multimode pumping through the transition of 
thulium ion from 3F4 to 3H6 with the assistance of ytterbium to thulium ion energy 
transfer. The YTDF used was drawn from a D-shaped preform, which was fabricated 
using the MCVD and solution-doping technique. With a ring configuration, the fiber 
laser operates at a wavelength of 1948.4 and 1947.2 nm with pump power thresholds of 
0.6 and 1.0 W for 905 and 931 nm pumping respectively. The maximum output power 
of 10.5 mW was achieved with the 905 nm pumping at the maximum pump power of 
1.5 W. It was found that the laser is more efficient with a 905 nm pumping compared to 
the 931 nm pumping. In another experiment, a Fabry–Perot cavity configuration with 
two FBGs has been used to perform laser. The results exhibit that more efficient energy 
transfer occurred between the Yb3+ and Tm3+ ions in YTDF when higher ytterbium to 
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thulium concentration ratio is used. The 2 m long YTDF (LTY8) generate laser at a 
threshold power of 1.0 W at 1901.6 nm with an efficiency of 2.47%. The lowest 
threshold pump power of the proposed YTDFL is around 961 mW. The effect of 
multimode pumping wavelength of slightly lower than 931 nm is also observed. Lastly, 
the enhancement on lasing efficiency has been demonstrated using the dual-pumping 
method. Single-mode pumped as an auxiliary pump allows only GSA transitions 
compared to combination of multimode pump, thus exhibit better lasing performance. 
The combinations avoid unwanted heat increased in the core fiber consequently reduces 
the possibility of fiber burnt at the high output power. The best combination of pumps is 
200 mW of 800 nm pump with 931 nm pump which needs total input power of 1802 
mW in order to generate 23 mW of 1.9 µm laser output. 
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4 CHAPTER 4 
THULIUM-BISMUTH CO-DOPED FIBER LASERS 
 
 Introduction 4.1
Co-doping Thulium with other elements such as Erbium, Ytterbium, Terbium 
and Bismuth has been demonstrated to improve the S-band amplification and 2 µm 
lasing of Thulium doped fiber (TDF). For instance, co-doping Thulium-Terbium in 
germanate glass was performed by Librantz et al (Librantz et al., 2008) to improve 
amplification in the 1450 nm region i.e. S-band by depopulating 3F4 via an energy 
transfer process from Thulium to Terbium. Meanwhile, Braud et al (Braud et al., 2000) 
capitalized the energy transfer from Ytterbium to Thulium to decrease the effective 
lifetime of 3F4 level to generate the 1500 nm laser emission. In our earlier work, a newly 
fabricated double-clad D-shaped Yb/Tm co-doped fiber laser (YTDFL) has been 
proposed for generating laser at 1900 nm region. Owing to the limitation occurred in the 
YTDFL, a core-pumping fiber laser operating at 2 µm region is proposed in this work. 
Previously, many works have been reported on high power Thulium doped fiber 
laser (TDFL) and the Thulium-Holmium doped fiber laser utilizing double-clad fiber to 
achieve efficiency of around 47% - 68% (Jackson et al., 2007; Wu et al., 2007). 
However, there is still a lack of research works on core-pumping TDFL. In an earlier 
work, Geng et. al. (Geng et al., 2007) demonstrated highly efficient diode-pumped fiber 
laser with 35% slope efficiency and 50 mW output power operating near 2 µm, 
generated from a 2 cm long piece of highly Tm-doped germanate glass fiber pumped at 
805 nm. In this chapter, an efficient core-pumping fiber laser is proposed using a newly 
developed single-mode Thulium-Bismuth co-doped lithium-alumino-germano-silicate 
(LAGS) fiber (TBF) as the gain medium. The TBF provides effective energy transfer 
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from active bismuth to thulium ions that improves amplification efficiency at 1.9 µm 
region besides cross relaxation process. Higher dopant concentration of thulium ions 
can also be achieved in the co-doped fibers since clustering effect is suppressed by the 
presence of the co-doping ions. The TBF is obtained from optical preform, which was 
made using the conventional modified chemical vapour deposition (MCVD) process in 
conjunction with solution doping (SD) technique. The performance of the proposed 
TBF laser (TBFL) is also investigated and then compared with the one obtained using a 
commercial TDF. The advantage of the proposed TBFL is that it operates in the eye-
safe wavelength region with significantly lower pump power threshold compared to 
commercial TDF. The novelty of this work lies on the use of core pumping silica fiber 
to produce a single mode laser output with high efficiency and low threshold by using a 
relatively short gain medium. 
 
 Fabrication and characterisation of Tm-Bi co-doped optical fiber 4.2
The TBF was fabricated from a lithium-alumino-germano-silicate (LAGS) core 
glass optical preform co-doped with Tm and Bi ions using fiber drawing tower. The 
optical preform is fabricated through the conventional MCVD process, followed by 
optimised SD technique. In the MCVD process, at first a pure silica glass tube with 
inner/outer diameter of 17/20 mm is mounted at lathe. Then the tube was collapsed by 
applying a high temperature of 2180 oC until its outer diameter reduces to ~15 mm. 
After that a single porous un-sintered SiO2-GeO2 soot layer is deposited inside a silica 
glass tube. The deposition process was carried out at a temperature around 1420-1475 
oC. Then the un-sintered layer inside the tube was immersed into an alcoholic solution 
of TmCl3, Bi(NO3)3, Al(NO3)3, LiNO3 and  ~5% HNO3 using a ‘U’ tube SD set up and 
kept for about 45 minutes to achieve uniform soaking. After the SD, the glass undergoes 
dehydration and oxidation processes at temperature around 900-1000 oC. The next 
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process is sintering of the un-sintered layers by gradually increasing the temperature 
from 1500 to 2000 oC. After the oxidation and sintering processes, the tube is slowly 
collapsed to transform it into a transparent optical preform. A spool of bare TBF sample 
coated with normal poly-acrylate resin for protection is obtained by drawing of the 
preform at 2050 oC at the fiber drawing tower.  
Three TBF samples (TB1, TB2 and TB3) are fabricated for demonstration of 
TBFL operating at 1.9 µm region. Electron probe microscopic analysis (EPMA) is 
carried out for all samples to determine the dopant concentrations into the core glass. 
Figure 4.1 shows the dopant concentration distribution plot obtained from the EPMA of 
one of the samples (TB2). As shown in Figure 4.1, the composition of the core-glass 
consists of Bi2O3, Tm2O3, Al2O3 and GeO2. The dopant concentrations (in wt. %) are 
0.35 Bi2O3, 0.9 Tm2O3, 3.0 Al2O3 and 4.0 GeO2, which correspond to Bi and Tm ratio 
(Bi:Tm) of 1:2.5. The contribution of Li2O can’t be obtained by EPMA as it lies beyond 
the lower element limit of EPMA. Aluminium is used to increase the refractive index of 
the core compared to the cladding and to improve the solubility of the dopant material 
(Digonnet, 2002). The profile of the fabricated preform was also analysed by a preform 
analyzer (model PKL2600, Photon Kinetics) and the generated refractive index profile 
is shown in Figure 4.2. From the profile plot, the refractive index (RI) difference 
between the core and cladding can be obtained to calculate the numerical aperture (NA) 
of the fabricated fiber. A dip at the center of the RI profile can be observed, which is 
believed to have affected the laser’s performance. The single mode pump has the 
highest intensity in the middle of the core. If the RI profile of the fiber does not have the 
dip, the Tm3+ ions at the center of the core may interact with higher pump intensity 
producing higher intensity laser (Emami et al., 2011). However, the imperfection leaves 
the Tm3+ ions populating outer regions of the core interacting with lower-intensity 
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pump. Therefore, it may have cost us the laser efficiency. The details of the three 
samples are summarized in Table 4.1. 
 
 Figure 4.1: EPMA plot of dopants showing a distribution of Bi2O3, Tm2O3, Al2O3 
and GeO2 for TB2 sample. 
 
Table 4.1: The composition of three optical preform samples of TBF. 
Sample Concentration of dopants into preforms (wt.%) 
Bi and 
Tm Ratio 
(Bi:Tm) 
Core 
diameter 
 
NA. 
TB1 0.15 Bi2O3, 0.3 Tm2O3, 1.0 Al2O3 and 12.0 GeO2 1:2 6.9 µm 0.21 
TB2 0.35 Bi2O3, 0.9 Tm2O3, 3.0 Al2O3 and 4.0 GeO2 1:2.57 7.2 µm 0.23 
TB3 0.2 Bi2O3, 0.06 Tm2O3, 0.05 Al2O3 and 0.3 GeO2 1:0.3 9.0 µm 0.14 
 
GeO2 
Al2O3 
Bi2O3 
Tm2O3 
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 Figure 4.2: A plot of RI profile for the TB2, Tm-Bi co-doped preform, which is used 
to fabricate TBF (TB2). 
 
The absorption spectrum of TB2 is also investigated using cut-back method and the 
result is shown in Figure 4.3. As shown in the figure, the absorption bands of the TBF 
are obtained at 465 nm, 680 nm, 785 nm, 1205 nm, and 1650 nm. It has a peak 
attenuation of 239 dB/m at 785 nm, which is much higher than that of a commercial 
TDF. Inset of Figure 4.3 shows the absorption spectrum of the commercial fiber 
(Nufern), which was obtained using the same method. It has a peak absorption of 27 
dB/m at 793 nm, NA of 0.15, core diameter of 9 µm and thulium ion concentration of 
0.25 wt.%. Since 785 nm pump laser is not commercially available, in this work, the 
800 nm pump wavelength was used instead as it is the closest that we can get to 785 
nm. 
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 Figure 4.3: An absorption spectrum of the TBF (TB2). Inset shows the absorption 
spectrum for the commercial TDF. 
 
 Energy transfer of Tm-Bi and energy level analysis for the TBF 4.3
 The energy level diagram of the TBF is shown in Figure 4.4 to explain three 
possible energy transitions in the fiber under 800 nm pumping (Zhou et al., 2011). 
Figures 4.4 (a), (b) and (c) show the energy transition involving only Tm3+, cross 
relaxation between Tm3+, and energy transfer from Tm3+ to active bismuth, respectively. 
By pumping the TBF using 800 nm pump beam, both thulium and active bismuth ions 
are excited to the upper level. As shown in Figure 4.4(a), thulium ion will be excited to 
3H4 level as it absorbs the pump photon. Then it decays non-radiatively twice so that it 
can occupy the 3F4 level that has a longer lifetime. From the 3F4 level, it will drop to the 
ground state (3H6) while emitting at 1.9 µm. Since the thulium ion doping concentration 
in this fiber is relatively high, Tm-Tm cross relaxation may occur (Figure 4.4(b)). 
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Thulium ion in the ground state absorbs 800 nm photons such that it is elevated to 3H4 
level. When the ion in this level de-excites to 3F4, instead of emitting at 1.47 µm, the 
energy is transferred to nearby thulium ion. The ion that resides in the ground state 
absorbs the donated photon to occupy the upper level laser, 3F4. Both ions then drop to 
the ground state while emitting the 1.9 µm photons. With each absorbed pump photon, 
two 1.9 µm photons are produced, as shown in Figure 4.4(b). On the other hand, active 
bismuth ion absorbs the pump photon in order to occupy the excited state of 1S0. The 
active bismuth ions then decays non-radiatively while dropping to 3P1 level. From the 
3P1 level, the ion will descend to ground state and emits at 1.47 µm.  
 Figure 4.4(c) demonstrates three possible energy transfer mechanism that may 
occur in the TBF with 800 nm pumping. As the active bismuth ion drops to the ground 
state from 3P1 state, it donates its energy to a nearby thulium ion. The thulium ion got 
elevated from the ground state to 3F4 level before it emits at 1.9 µm. The second 
possible transition is, the thulium ion is excited from 3H6 to 3H5 level instead, only then 
it will relax non-radiatively to 3F4 level. The ion will de-excite to ground state emitting 
at 1.9 µm. The final possible electronic transition is for the nearby thulium ion from 3F4 
to 3H4. The ion then drops to 3F4 level while emitting at 1.47 µm. Two out of three 
energy transfer process help to increase the 3F4 population and thus improves the laser 
efficiency compared to the conventional TDF. 
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 Figure 4.4: Energy level diagrams for various transitions in TBF with 800 nm 
pumping involving (a) Tm3+ (b) cross relaxation between Tm3+ (c) energy transfers 
from active bismuth to Tm3+. 
 
 Broadband Amplified Spontaneous Emission (ASE) generation at 1.9 µm 4.4
 Fiber ASE light has a broadband spectrum and can thus be used as a broadband 
light source. It is developed using the emission characteristics, which depends on the 
energy structure of dopant ions in the glass host and pumping wavelength. The pump 
laser energizes the dopant ion hence spontaneously emitted light from the ion 
propagates along the fiber. It is then amplified by the gain properties of the fiber and 
emitted as the ASE. Light is emitted in both forward and backward directions, and thus 
either one can be selected as the source output. Unlike lasers, ASE sources do not rely 
on optical feedback, and thus, the full-width half-maximum (FWHM) bandwidth of the 
ASE is generally very broad, typically greater than 10 nm. The most common fiber ASE 
source comprises a single-mode pump that energizes a length of Er-doped single-mode 
silica fiber, typically in tens of meter, to emit at 1550 nm (Cheng et al., 2010; Lin et al., 
2004). Recently, ASE sources operating around the mid infrared spectral region (1.9 
µm) have gained tremendous interest for possible applications in spectroscopy, gas 
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sensing, low-coherence interferometer, and medical imaging via optical coherence 
tomography. Currently, commercial light-emitting diodes (LEDs) and semiconductor 
lasers operating in mid-infrared region are normally used for these applications. 
However, the main drawbacks of these sources are its stability, which is strongly 
dependent on temperature, high coupling loss when connected to the standard single 
mode fibers and fabrication cost. In this section, ASE generation in the 1900 nm 
waveband is demonstrated using the fabricated TBF as a gain medium. 
The proposed ASE source consists of a piece of 1.0 m long TBF sample, which 
is forward pumped by a 800 nm laser diode with 200 mW pump power as shown in 
Figure 4.5. In the experiment, 800 nm pump laser was used because it operates at one of 
the most efficient Tm3+ and active bismuth absorption wavelength. Furthermore, it is 
easily available and cheap. The 800/2000 nm wavelength division multiplexer (WDM) 
was used to launch the 800 nm pump into the gain medium. The generated ASE was 
detected using an optical spectrum analyser (OSA) operating in a range of 1200 nm - 
2400 nm wavelength with a resolution of 0.1 nm. The ASE emission was firstly 
investigated for three different fabricated samples, as shown in Figure 4.6. In the 
experiment, the pump power is fixed at 27.5 mW to avoid the excess pump power from 
TB3 sample. As seen in the figure, all three fibers emit broadband ASE at 1880 nm 
region. This is attributed to the 800 nm pumping, which excites both Tm3+ and active 
bismuth ion from the ground state to the higher energy levels of 3H4 and 1S0, 
respectively (Figure 4.4(c)). Then, the Tm3+ ions decay to 3F4 to create a population 
inversion between 3F4 and 3H6 levels of the Tm3+, which generates spontaneous 
emission at around 1900 nm region. After a fast decay into 3P2 then to 3P1 level, the 
active Bi ions transfer their energy to the Tm3+ ions via multipolar interactions. 
Immediately after this energy transfer, the Tm3+ ions move from 3H5 to 3F4 energy level 
through rapid multi-phonon relaxations. This improves the amplification and ASE 
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generation at around 1900 nm region. Another peak observed at 2050 nm region is 
associated with the characteristics of the 800 nm pump source that exists even without 
the use of the gain medium. As shown in Figure 4.6, TB2 exhibits the ASE power with 
the highest peak output of -51.4 dBm centered at 1880 nm region. The peak ASE 
powers of TB1 and TB3 are obtained at -53.4 dBm and -58.4 dBm, respectively. This is 
attributed to the TB2, which has the highest Tm3+ and active bismuth ion concentrations 
compared with other samples while TB3 sample has the lowest Tm3+ ions 
concentrations, thus exhibit the lowest ASE spectrum. Using TB2, the 3 dB bandwidth 
of the ASE spectrum covers from 1820 nm to 1975 nm, while 10 dB bandwidth covers 
from 1735 nm to 2077 nm. 
 
800 nm
Laser diode (LD)
WDM
TBF (1 m) OSA
 
 Figure 4.5: Configuration of the proposed 1.9 µm broadband source. 
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 Figure 4.6: ASE spectra of different TBF samples with TBF length of 1 m and a 
fixed pump power of 27.5 mW. 
 
Figure 4.7 shows the ASE spectra of the different lengths of TB2 under 800 nm 
wavelength excitation when the pump power is fixed at 200 mW. As seen in the figure, 
the power of the broadband ASE spectrum rises drastically as the TB2 length increases 
from 0.5 m to the optimum length of 1.0 m. This is attributed to the additional Tm3+ and 
active bismuth ions from the longer length, which can absorb more pump power and 
emit stronger ASE light. However, the ASE power drops as the gain medium length is 
further increased due to saturation effects. The unused Tm3+ and active bismuth ions 
will absorb the 1880 nm ASE and reduces the output power of the ASE spectrum. It is 
also observed that the ASE’s peak wavelength is shifted to a longer wavelength as the 
fiber length increases from 0.5 m to 2.5 m. This is attributed to the shorter wavelength 
ASE being absorbed by the unused Tm3+ and active bismuth ions and emitted at a 
longer wavelength and thus shifts the peak wavelength to a longer wavelength. Figure 
4.8 compares the ASE spectrum obtained at two different pumping power of 100 mW 
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and 200 mW when TB2 is fixed at 1.0 m. It is observed that the ASE power increases 
with the pump power. Further increase of pump power is expected to further raise the 
attainable power of the ASE spectrum owing to the increment of population inversion in 
the active bismuth ions and Tm3+ ions and thus enhances the ASE.  
 
 
 Figure 4.7: ASE spectra at different TB2 lengths at the fixed 800 nm pump power of 
200 mW. 
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 Figure 4.8: The ASE spectrum of TB2 (1.0 m) at two different pumping powers. 
 
The effect of a secondary pump of 1552 nm on the performance of the ASE 
spectrum was also investigated. Figure 4.9 shows the ASE spectrum of the TB2 with 
and without a secondary pump of 1552 nm when the primary pump of 800 nm is fixed 
at 100 mW. As seen in the figure, the ASE power is increased by more than 10 dB at 
1850 nm region as the 500 mW secondary pump is injected into the gain medium. This 
is due to the Tm3+ excitation to 3F4 level, which enhances the population inversion and 
thus increases the output intensity of the ASE via 3F4 → 3H6 transition, particularly at 
1850 nm region. 
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 Figure 4.9: ASE spectrum with and without 500 mW of 1552 nm pumping when the 
primary pump of 800 nm is fixed at 100 mW using 1.0 m TB2. 
 
The performance of the proposed TBF ASE source is also compared with the 
commercial TDF under 800 nm excitation as shown in Figure 4.10. In the experiment, 
the ASE spectrum of TB2 is compared with the TDF when the fiber length and pump 
power are fixed at 1 m and 27.5 mW, respectively. As shown in Figure 4.10, both fibers 
generate an almost similar ASE spectrum centred at 1880 nm. With TBF, the ASE 
spectrum is higher by 5 dB compared to that of the commercial TDF. This is attributed 
to the thulium ion concentration, which is higher in TB2 (0.9 wt.%) compared to the 
TDF, which has a thulium ion concentration of around 0.25 wt.%.  
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 Figure 4.10: Comparison of the ASE emission between TBF sample (TB2) and the 
commercial TDF when it is pumped by 27.5 mW 800 nm pump. 
 
 Thulium Bismuth co-doped fiber lasers at 1.9 µm by 800 nm pumping 4.5
 Lasers with emission in the two-micron spectral region are of great interest for a 
variety of applications including material processing, remote sensing, as well as 
biomedicine (Scholle et al., 2010). Due to the strong absorption of water and biological 
tissue at 1.9 micron makes the laser transitions at this region possible for medical 
applications. As such, two primary categories of applications; those that seek to 
minimize atmospheric absorption, such as directed energy and free space optical 
communication (Koch et al., 2004), or those such as LIDAR that rely upon narrow 
molecular vibration absorption resonances to sense atmospheric constituents such as 
water vapour and CO2 (Koch et al., 2008). Thulium and Thulium-Holmium doped 
fibers have been demonstrated to be promising gain medium candidates for the two-
micron fiber laser (Gumenyuk et al., 2011; Zhang et al., 2011c). As discussed in the 
earlier section, thulium fiber has a broad and efficient emission within a wavelength 
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range between 1600 nm to 2100 nm from 3F4 → 3H6 transitions and is suitable for lasing 
at 2 µm regions. 
 In this section, an efficient Thulium Bismuth co-doped fiber laser (TBFL) 
operating at 1.9 µm region is experimentally demonstrated using a newly developed 
TBF as the gain medium. The lasing performance is compared with a commercial TDF. 
The configuration of the proposed 1.9 µm laser with the fabricated TBF as the gain 
medium is shown in Figure 4.11. It employs two FBGs operating at the center 
wavelength of 1901.6 nm to establish linear laser cavity (refer Figure 3.29 in the 
previous chapter). They have a reflectivity of 99.6% and 50% with the corresponding 3 
dB spectral width of 1.5 nm and 0.6 nm respectively. The TBF is pumped using an 800 
nm laser diode at the 99.6% FBG port and the output laser is taken out from the 50% 
FBG port. The output spectrum and intensity of the laser are monitored by using an 
optical spectrum analyzer (OSA) and power meter (PM) respectively. The performance 
of the 1.9 µm fiber laser is also investigated by replacing the TBF with a commercial 
TDF for comparison. The core diameter of the commercially available TDF is 9 µm 
while its NA and thulium ion concentration are 0.15 and 0.25 wt.% accordingly. The 
lasing experiments were carried out for all TBF samples (TB1, TB2 and TB3) and the 
commercial TDF. 
 
800 nm 
Laser diode (LD)
TBF / TDF
99.6% 50%
OSA / PM
FBG
 
 Figure 4.11: Experimental setup for the proposed 1.9 µm TBFL. 
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 It is observed that the l.9 µm lasing was achieved for all fibers except for TB3. 
The optimized fiber lengths for TB1, TB2 and TDF are 3.0 m, 0.4 m and 2.0 m, 
respectively for maximum efficiency of the laser generation. The experiment has been 
carried out using several other TDF lengths pumped by 800 nm wavelength excitation 
with the maximum input power of 200 mW, however no lasing has been observed due 
to insufficient pump to reach the threshold power. Figure 4.12 shows the relationship of 
the output power against the pump power at the optimized fiber lengths for three 
different gain media (TB1, TB2 and TDF). As seen in the figures, the slope efficiencies 
of 31.0, 42.2 and 9.0% are obtained for the laser of TB1, TB2 and TDF, respectively. 
Compared to the TDF, both TBFs produce laser with a higher efficiency at a 
significantly lower threshold pump power. The threshold pump power for both TBFLs 
are observed to be around 75.0 – 80.1 mW, which is much lower than the threshold 
pump power of the TDFL (177.5 mW). The optimum length is much shorter for TB2 
compared to that of TB1 since the thulium ion concentration in TB2 is 3 times as high. 
High thulium doping concentration in TB2 increases the efficiency of stepwise energy 
transfer such that the optimum length for lasing is comparatively shorter. To avoid 
clustering from the high concentration of rare earth ion, aluminium is added as host 
modifiers (Blanc et al., 2008). It also helps reduce phonon energy of the core glass in 
the fiber, thus increases the probability of radiative emission and improves lasing 
efficiency.  
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 Figure 4.12: Performance comparison for three different gain media of TB1, TB2 
and TDF. 
 
 Figure 4.13 shows the relationship of the output power against the pump power 
at different TBF lengths. The figure shows that the efficiency of the laser increases from 
13.7 % to 42.2 % as the length of the gain medium is reduced from 1.5 m to 0.4 m. At 
the optimal length of 0.4 m a maximum output power of 52.7 mW is achieved at the 
pump power of 195 mW. The proposed laser performance is higher by 7% in efficiency 
and 2.7 mW higher in output power in comparison to the work of Geng et. al. (Geng et 
al., 2007). Figure 4.14 shows the attenuated output spectrum of the TBFL at the 
optimum length of 0.4 m when the 800 nm pump is fixed at 195 mW. The laser operates 
at 1901.6 nm, which corresponds to the center wavelength of both FBGs. Its signal to 
noise ratio (SNR) is more than 50 dB while its 3 dB bandwidth is less than 0.05 nm 
(limited by the OSA resolution). It is also observed that the peak power of the residual 
pump (800 nm) is about 3.05 dBm and the peak power of the lasing wavelength (1901.6 
nm) is 5.30 dBm. This indicates that the output power measured by a power meter is 
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mainly contributed by the lasing wavelength. The efficiency of the laser is observed to 
drastically decrease as the TBF length reduces below 0.4 m. In addition, the ratio of 
residue pump/output power is approximately 0.58 at 0.4 m. As the fiber length becomes 
shorter, it is observed that the residual pump power is higher than the peak laser power.  
 
 
 Figure 4.13: Output power of the proposed TBFL against the pump power at 
different TBF (TB2) lengths. 
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 Figure 4.14: The attenuated output spectrum of the laser at the maximum pump 
power. 
    
 By pumping the TBF with 800 nm pump, both thulium and active bismuth ions 
are excited to the upper level to create a population inversion for lasing at 1.9 µm 
region. The improved threshold and efficiency was due to the incorporation of active 
bismuth in the gain medium, which enables energy transfer processes between active 
bismuth ion to Tm3+ ions as explained earlier in Figure 4.4 (c). Compared to the TDFL, 
the proposed TBFL has shown a significantly higher efficiency due to various factors 
such as doping concentration and the assistance from cross relaxation and energy 
transfer process. The thulium ion concentration is higher in the TBF (0.90 wt.% in TB2) 
than the TDF, which has a thulium ion concentration of around 0.25 wt.%. The higher 
dopant density is possible due to the incorporation of active bismuth ions in the fiber. 
The Bi ions also help to increase the 3F4 population and thus improve the efficiency of 
the laser through energy transfer processes. As also shown in Figure 4.13, the pump 
106 
 
power threshold for the proposed laser is around 72.5, 74.5 and 80.1 mW for 1.0, 1.5, 
and 0.4 m TB2, respectively. As the longer length is used (1.0 m and 1.5 m), the 
comparatively lower threshold is obtained. This is due to the higher population 
inversion at low pump power for the longer TBF. In general, these thresholds are 
significantly lower than that of the TDFL, which is around 177.5 mW. The presence of 
active bismuth ions improves the population inversion by the energy transfer process. 
Other TDF lengths failed to exhibit any laser radiation. Failure to generate any laser at 
the other TDF lengths was due to the insufficient input pump power to excite enough 
Tm3+ ions to the upper state level, resulted in limited population inversion to 
compensate all the losses in the cavity. The performance of both TBFL and TDFL in 
terms of threshold and efficiency is expected to improve significantly if the pump 
operated at the optimum wavelength of 785 nm is used. The proposed TBFL could be 
scaled up in power if higher input pump power in 785 nm is available and better heat 
management is taken into account.  
 
 TBFLs with 1552 nm pumping 4.6
 In this section, lasing at 1901.6 nm is experimentally demonstrated using the 
fabricated TBF in conjunction with 1552 nm pumping. The configuration of the 
proposed TBFL is similar to Figure 4.11 except for the pump laser. It uses a cladding 
pumped Erbium-Ytterbium fiber laser operating at 1552 nm as a pump source instead of 
the 800 nm laser diode. The fabricated TBF has thulium ions absorption bands at 785 
nm (3H6 → 3H4), 1205 nm (3H6 → 3H5) and 1650 nm (3H6 → 3F4) regions. A 1552 nm 
wavelength excitation falls within the thulium absorption band centred at 1650 nm. 
Figure 4.15 shows the attenuated output spectrum of the TBFL recorded by an OSA 
when the TBF (TB1) length and 1552 nm pump are fixed at 2 m and 100 mW, 
respectively. Inset of the figure shows an enlarged figure of the output spectrum at 1900 
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nm region. As seen in the inset figure, the TBFL operates at 1901.6 nm, which 
coincides with the center wavelength of both FBGs with a SNR of more than 60 dB. 
The 3 dB bandwidth is measured to be less than 0.05 nm limited by the OSA resolution. 
It is also shown in Figure 4.15 that the peak wavelength of the residual pump at 1552 
nm is about 5 dB lower than the peak power of the lasing wavelength. This shows that 
the output power measured by a power meter is mainly contributed by the lasing 
wavelength of 1901.6 nm. As the TBF is pumped by 1552 nm pump, a broad ASE is 
generated at 1900 nm region that oscillates in the Fabry-Perot cavity for the laser 
generation. Thulium ions will be excited to 3F4 level as it absorbs the pump photon to 
create a population inversion between 3H6 and this energy level. Then it drops to the 
ground state (3H6) while emitting at 1.9 µm. 
 
 Figure 4.15: Attenuated output spectrum of the TBFL. Inset shows the enlarged 
output spectrum within the 1900 nm region. 
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Figure 4.16 shows the laser output power against 1552 nm pump power at 
various gain media at the optimized length. As shown in the figure, all TBF samples 
produce 1901.6 nm laser, in which the output powers linearly increase with the pump 
power. The highest efficiency of 32.5% was generated from 2.0 m long TB1 sample as 
the gain medium. The TBFL configured with TB2 (1.0 m) and TB3 (3.0 m) has an 
efficiency of 32.2% and 16.1%, respectively. Since the Tm ions dopant in TB2 is the 
highest (0.90 wt.%), it uses only half of the TB1 length to produce a comparable 
efficiency with the TB1. On the other hand, the threshold pump powers are 52.2 mW, 
62.3 mW and 323.0 mW for the TBFL configured with TB1, TB2 and TB3, 
respectively. The highest output power of about 211 mW was produced by TB1 and the 
comparative output power produced by TB2 is around 208 mW at the pump power of 
700 mW. For TB3 sample, the low output power of 108.2 mW and high threshold pump 
power of 323 mW as compared to TB1 and TB2 are resulted from the low thulium ion 
concentration of only 0.06 wt.%.  
 
 Figure 4.16: Output power characteristic against pump power for the proposed 
TBFL with different TBFs under 1552 nm pump excitation. 
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   Figure 4.17 shows the laser output power against 1552 nm pump power at 
various fiber lengths for TB1 gain medium. As shown in the figure, the efficiency of the 
proposed TBFL increases as the TBF length is reduced from 5 m to 2 m. The maximum 
efficiency of 32.5 % is obtained at the TBF length of 2 m. The maximum output power 
of 211 mW is achieved at the pump power of 700 mW with the optimum length of 2 m. 
A further decrease of the TBF length is expected to improve the total efficiency of the 
laser, but the residual pump will also increase. The pump power thresholds for the 
proposed laser slightly reduces from 77.9 mW to 52.2 mW as the TBF length reduces 
from 5 m to 2 m. This is attributed to the population inversion, which is more efficient 
at a shorter TBF length and thus a slightly smaller pump power is required to initiate 
lasing. The optimum length for lasing is comparatively short due to the high thulium 
doping concentration in the developed TBF. To avoid clustering from high 
concentration of rare earth ion doping, aluminium is added as host modifiers to reduce 
phonon energy in the fiber. This in turn increases the probability of radiative emission 
and improves lasing efficiency. The incorporation of Bi ions has not significantly 
affected the efficiency of laser since the active bismuth ion absorption is very low at 
1550 nm region. However, doping of suitable amounts of Al2O3, GeO2, and Bi2O3 will 
be responsible to increase the intensity of the luminescent center of active bismuth 
through the formation of Al–O–Bi complexes with changing the covalency character of 
oxygen atom linked to active bismuth.  Due to a large ionic radius it is difficult for Bi to 
substitute for Si in SiO4 tetrahedron. Stabilization of the Bi ion inside the SiO4-
tetrahedra rings is done through an oxidation by [AlO4/2] – complexes (Firstov et al., 
2011).  Here Al will form such complexes in silica glass and tend to oxidize network 
modifier cations. In this glass, +1 oxidation state of Bi ions will be more probable than 
+5. So, in such silica glass the formation of h/4−,  + complexes (Firstov et al., 
2011) embedded in the glass network may change the surrounding environment of Tm 
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ions drastically compared to the normal alumino-germano silica glass based Tm doped 
optical fibers. It may take part indirectly to increase the lasing efficiency under pumping 
at 1552 nm wavelength. 
 
 Figure 4.17: Output power of the proposed TBFL against the pump power at 
different TB1 lengths under 1552 nm pump excitation. 
 
 TBFLs with dual pumping scheme 4.7
Doping thulium with active bismuth may enhance the luminescence properties 
and exhibit broad emission spectrum usually ranging from ~1000 nm to ~1800 nm 
(Zhou et al., 2011).  In the attempt to enhance the efficiency of TBFL, dual-pumping 
method has been utilized in several earlier works (Battiato et al., 1997). As discussed in 
section 4.4, the TBF ASE can be enhanced by incorporating an additional 1552 nm 
pumping excitation to the main pump (800 nm). The result shows that the increment in 
ASE power of almost 10 dB can be achieved with the assistance of 1552 nm excitation. 
In this section, we propose a dual pumping method to improve the efficiency of 1901.6 
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nm TBFL. An additional pumping at 1552 nm is added into the laser cavity to 
complement the 800 nm pumping. 
Figure 4.18 shows the configuration of the proposed 1.9 µm laser using the 
fabricated TB2 sample as the gain medium. The proposed TBFL employs two FBG 
operating at the same wavelength of 1901.6 nm to establish laser cavity. The FBGs have 
different reflectivity of 99.6% and 50% with a 3 dB spectral width of 1.5 nm and 0.6 
nm, respectively. The TB2 sample is pumped by 800 nm and 1552 nm laser diodes via a 
WDM while the output laser is tapped out from the 50% FBG port. The output spectrum 
and the power of the laser are measured by using an OSA and PM, respectively. The 
experiment is repeated for three different TB2 lengths of 1, 1.5 and 5 m.  
 
WDM
TB2 
99.6% 50%
OSA / PM1552 nm pump
800 nm
Laser diode (LD)
 
 
 Figure 4.18: Configuration of the proposed TBFL with dual pumping scheme. 
 
Figure 4.19 shows the attenuated output spectrum of the TBFL recorded by an 
OSA. The TBFL operated at 1901.6 nm with a SNR of more than 30 dB. The 3 dB 
bandwidth was measured to be less than 0.05 nm. The accuracy was limited by the OSA 
resolution. The inset of Figure 4.19 shows a similar attenuated output spectrum in 
another wavelength region between 700 nm to 1700 nm. It is shown that the power of 
the peak wavelength of the residual pump at 800 nm and 1552 nm is about 10 dB lower 
than the peak power of the lasing wavelength.  
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 Figure 4.19: Attenuated optical spectrum of the TBFL with dual pumping. Inset 
shows the attenuated spectrum in a wider span ranging from 700 nm to 1700 nm. 
 
Figure 4.20 shows the laser output power against the total pump power at 
various TB2 lengths. In the experiment, the 800 nm pump is fixed at 120 mW and the 
1552 nm pump is varied in order to increase the total pump power. As shown in the 
figure, the efficiency of the proposed TBFL increases as the TB2 length reduces from 5 
m to 1 m. The maximum efficiency of 35.06% is obtained at the TB2 length of 1 m. As 
compared to single pumping by 1552 nm excitation, an increment as much as 2.84% 
was observed. The maximum output power of 256 mW is achieved at the pump power 
of 820 mW with the optimum length of 1 m. As the length of TB2 is reduced, the 
residual pump will increase. For instance, the remaining of 1552 nm pump is observed 
to be higher than that of the lasing peak power at TB2 for less than 1 m length. At other 
TB2 lengths of 1.5 m and 5 m, the laser efficiency improved about 1.6% and 1.63% 
respectively as compared to the previous results with only 1552 nm single pumping. It 
is also observed that the pump power thresholds for the proposed laser are reduced from 
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220 mW to 120 mW as the TBF length decreases from 5 m to 1 m. The result shows 
that the use of a shorter TB2 length yields better performance due to the high thulium 
doping concentration in the gain medium, which requires a smaller pump power to 
initiate lasing.  
 
 
 Figure 4.20: Output power of the TBFL as a function of the launched pump power 
at different fiber lengths using the dual-pumping method. 
 
The 1552 nm pumping allows only ground state absorption to contribute to the 
stimulated emission and lasing. In this process, Tm3+ ions absorb pump photons and are 
excited to upper laser level 3F4, which causes a population inversion between 3H6 and 
3F4 level. As the Tm3+ ions drop back to the ground state they emit photons in the 1900 
nm region. On the other hand, 800 nm pumping creates excitation of photons for both 
active bismuth and Tm3+ ions. Thulium ions at the 3H6 level absorb pump photons and 
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radiatively to the 3H5 level before they relax at the 3F4 level to emit photons in the 1900 
nm region. The high thulium doping concentration may increase the possibility of Tm 
cross relaxation to occur, by pumping Tm ions with 800 nm pump, the ‘two for one’ 
cross relaxation process may contribute to the population inversion at 3F4 level. As 
sufficient numbers of Tm3+ ions occupy the ground state, some of the neighbouring ions 
will absorb the emitted photons, which are the result of other Tm3+ ions going through 
the transition from 3H4 to 3F4 level. Consequently, two ions can be excited to 3F4 level 
using only one pump photon and this enhances the emission in the 1900 nm region. 
Moreover, active bismuth ions can also be excited from the ground level of 3P0 to the 
1S0 level by the 800 nm pumping (Zhang et al., 2012). The excited ions then decay non-
radiatively twice to level 3P1 before emitting photons in the 1450 nm region as they 
relax to the ground state level. This emission will be absorbed by the nearby Tm3+ ions 
to improve population inversion between 3F4 and 3H6 and hence enhances the 1900 nm 
emission (Ruan et al., 2009). In brief, the dual-pumping method assists the process of 
energy transfer from active Bi to Tm ions and improves the efficiency of the laser in 
comparison to the single wavelength pumping. 
 
 TBFLs with ring configuration 4.8
In the previous sections, we use the linear setup, which are made such that the 
light bounces back and forth between two FBGs, to achieve an efficient lasing. Besides 
linear configuration, a laser can also be designed based on a ring resonator, where an 
optical component within a resonator is hit by the light once per round trip instead of 
twice per round trip in a linear setup. In the ring resonator, the injected light will 
experience various effects such as birefringence, spatial hole burning effect, diffraction 
and sometimes involve optical nonlinearities. In some cases, addition of polarization 
controller, isolator or saturable absorber will change the spatial distribution of light. 
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Therefore, most of the Q-switched and mode-locked fiber lasers are generated based on 
a ring cavity to facilitate dispersion manipulation (Madsen et al., 1998). In this section, 
we investigate the performance of the TBFL using TB2 with a ring configuration 
pumped by 800 nm and 1552 nm pump source for the use in the later chapter.  
Figure 4.21 shows the proposed ring TBFL, which comprises of the TB2 as a 
gain medium, an 800/2000 nm WDM and a 10 dB output coupler. The TBF is forward 
pumped by an 800 nm laser diode to generate ASE in the 1.9 micron region, which then 
oscillates in the ring resonator to create a laser. A 10 dB coupler is used to split the 
oscillating light and allows 10 % of the light to couple out as an output. The laser output 
spectrum and power is characterized by an OSA and power meter, respectively. The 
performance of the ring TDFL is also observed which was obtained by replacing the 
TBF with a TDF. The ring resonator performance is also investigated using 1552 nm 
pumping scheme. In this case, a 1550/1900 nm WDM is used instead of an 800/2000 
nm. 
Laser diode (LD)
WDM
TBF / TDF
OSA / PM
10 dB coupler
 
 Figure 4.21: The proposed experimental setup for the ring resonator. 
   The effect of gain medium length on the performance of the ring TBFL was first 
investigated. Figure 4.22 depicts the output spectrum of the laser at three different TBF 
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(TB2) lengths when the pump power is fixed at its threshold. As shown in the figure, 
the operating wavelength of the laser shifts from 1867.9 nm to 1930.8 nm as the TB2 
length increases from 0.4 to 1.5 m. This is due to the population inversion of the laser, 
which increases with an increment of the amount of thulium ion in the gain medium. 
Thus, the operating wavelength of the laser shifts towards the longer wavelength. Figure 
4.23 shows the output power of the laser against the pump power at various TB2 
lengths. The lasing performance of the conventional TDFL is also included in the figure 
for comparison. As shown in the figure, the TBFL starts to lase at threshold pump 
powers of 76.4, 64.1 and 146.7 mW for TB2 lengths of 0.4, 1.0 and 1.5 m, respectively. 
It is observed that the threshold pump power is drastically increased from 64.1 mW to 
146.7 mW as the gain medium length increases from 1.0 to 1.5 m. This is attributed to 
the operating wavelength of the laser, which shifts to 1930.8 nm and thus it encounters a 
higher cavity loss since our components produces a higher loss at a longer wavelength. 
The lasing efficiencies of the laser are obtained at 1.7 %, 3.0 % and 2.2 % with TB2 
lengths of 0.4, 1.0 and 1.5 m, respectively while the TDFL has an efficiency of 3.8 %. 
The TBFL exhibits a significantly lower threshold pump power compared to the TDFL 
except for the use of 1.5 m TB2 length. The TBFL starts to lase at pump power as low 
as 64.1 mW compared to that of TDFL which only starts to lase at 100.5 mW pump 
power at its optimum length of 2.0 m. This proves that the incorporation of active 
bismuth ion in the gain medium produces an energy transfer to the thulium ion, which 
resulted in an efficient population inversion and thus reduces the threshold pump power 
with the use of shorter gain medium.  
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 Figure 4.22: Output spectrum of the TBFL at different TB2 lengths. 
 
  
 Figure 4.23: Output power against the input pump power for three different TB2 
lengths and conventional TDF. 
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The lasing performance of the TBFL is also investigated with 1552 nm pumping 
scheme. Figure 4.24 shows the result at 1.5 and 5.0 m TB2 lengths and 4.0 m TDF. A 
large different in TB2 fiber length is chosen to compare the threshold pump power and 
efficiency of both longer and shorter lengths. The 4.0 m TDF is the optimum length for 
TDF compared to the other TDF length. The threshold pump powers of the ring laser 
are obtained at 178 mW, 450 mW and 416 mW with the utilization of 1.5, 5.0 m TB2 
and 4.0 m TDF, respectively as the gain medium. Compared to the TDFL, it is observed 
that the 1.5 m TB2 operates at a lower threshold pump power. This is attributed to the 
Tm ion concentration, which is relatively higher in the TB2 compared to the 
conventional TDF. The longer TB2 length exhibit reabsorption of the Tm ions thus 
degrades the performance of the laser. On the other hand, the TDFL produces a higher 
lasing efficiency up to 6.7 % compared to TBFL, which can only produce the maximum 
efficiency of 1.6 % with the use of TB2 as the gain medium. The efficiencies of the ring 
laser are obtained at 1.6 %, 1.3 %, and 6.7 % with the use of 1.5, 5.0 m TB2 and 4.0 m 
TDF, respectively. The direct excitation process of 3H6→3F4 fully utilizes the Tm3+ ions 
in the TDF which enhances the output power at 1900 nm region. In both ring TBFL and 
TDFL experiments, it is observed that the residual pump from 1552 nm will dominates 
the lasing emission as the length of gain medium was further decreased. The absence of 
energy transfer as in 800 nm pumping scheme contributes to the higher threshold and 
lower efficiency of TBFL when 1552 nm pump excitation was used.  
Compared to the previously demonstrated linear cavity laser, the efficiency of 
the ring TBFLs and TDFL are significantly lower due to the high insertion loss of the 
optical components such as WDM and an output coupler used. The mode competition, 
which arises due to the absence of FBG in the cavity, also contributes to the 
deterioration of the laser efficiency. 
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 Figure 4.24: Lasing performance of the ring TBFLs and TDFL using 1552 nm pump 
excitation. 
 
 Dual-wavelengths Thulium Bismuth co-doped fiber laser 4.9
 All-fiber dual-wavelength fiber lasers have also gained a tremendous interest in 
recent years due to their potential applications in various areas such as microwave 
photonics, fiber sensing systems, optical instrument testing, and optical signal 
processing (Ahmad et al., 2009; Jeon et al., 2010). To date, various methods have been 
proposed and demonstrated to achieve a dual-wavelength lasing such as by using a dual-
cavity configuration and twin-peak reflection grating. In this section, a room 
temperature all-fiber dual-wavelength TBFL operating in the 1900 nm region is 
demonstrated based on single FBG in a ring configuration. The proposed laser uses a 
1552 nm pumping scheme to generate ASE in the 1900 nm region, which then oscillates 
in the ring cavity to produce a dual-wavelength output as the state of polarization in the 
cavity is optimized.  
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 The schematic of the dual-wavelength TBFL is shown in Figure 4.25. The fiber 
laser is constructed using a simple ring cavity, in which a 5 m long TB1 sample is used 
for the active gain medium. The TBF is pumped by a 1552 nm Erbium–Ytterbium co-
doped fiber laser via a 1550/1900 nm WDM. The operating wavelength of the proposed 
TBFL is determined by the FBG, which is connected to port 2 of the circulator so that 
the reflection from the FBG can be routed back into the laser cavity via port 3. The 
circulator is used to allow the reflected light from the FBG to oscillate in the ring cavity 
as well as to ensure a unidirectional operation of the laser. A polarization controller 
(PC) is used to control the state of polarization of the oscillating light. 
 
1552 nm
pump
WDM
TB1 (5 m)
OSA / PM
10 dB coupler
99.6%
Polarization 
Controller (PC)
1 2
3
FBG
 
 Figure 4.25: Experiment setup for dual-wavelength fiber ring laser. 
 
Figure 4.26 shows the transmission and reflection spectra of the FBG. As shown 
in the figure, it has a center wavelength of 1901.6 nm with a 3 dB bandwidth of 1.5 nm 
and a transmission dip of about 23 dB, which translates to the reflectivity of 99.6%. As 
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the TB1 is pumped by a 1552 nm light, a broad ASE is generated at 1900 nm region via 
spontaneous and stimulated emission process. Thulium ions are excited to 3F4 level as 
they absorb the pump photon to create a population inversion between 3H6 and this 
energy level. Then, they drop to the ground state (3H6) while emitting at 1.9 µm. The 
ASE oscillates in the ring cavity to generate laser that operates within the reflection 
bandwidth of the FBG. As the FBG has a wide bandwidth and flat top characteristic, the 
generation of dual-wavelength laser output was realized by adjusting the PC. The output 
of the dual-wavelength laser is tapped from a 10 dB output coupler while allowing 90% 
of the light to remain in the cavity. The output spectrum of the laser is measured by 
using an OSA. 
 
 Figure 4.26: The transmission and reflection spectra of the grating. 
  
As the TBF is pumped, an ASE is generated at 1900 nm region that oscillates in 
the ring cavity to generate laser within the reflection bandwidth of the FBG. Due to the 
reflectivity characteristic of the grating, it is possible to have the oscillation of two 
wavelengths in the cavity if the difference of cavity loss between them can be reduced. 
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By adjusting the PC, the cavity loss of the two wavelengths can be tuned to seek dual-
wavelength oscillation with the help of the fabricated TB1, whose gain broadening 
behaves inhomogeneously. The addition of active bismuth ions co-dopant in the fiber, 
further enhances the inhomogeneous broadening effect in the fiber. Figure 4.27 shows 
the output spectrum of the TBFL recorded by an OSA when the 1552 nm pump is fixed 
at 930 mW at various PC orientations. As seen in the figure, a dual-wavelength output 
lines are obtained at 1901.09 and 1901.98 nm with a spacing of 0.89 nm and SNR of 
more than 45 dB as the PC orientation is adjusted to balance the loss between the two 
wavelengths. Both lasers peak at around 1 dBm.  
 
 Figure 4.27: Output spectra for the TBFL at both dual-wavelength and single-
wavelength operations. 
 
The dual-wavelength laser can also be switched to operate in single-wavelength 
at either 1901.07 or 1901.98 nm by altering the intra-cavity polarization using the PC. 
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nm with SNR of more than 45 dB. The narrow reflection band of the FBG assures that 
the wavelength outside the reflection band of FBG will not oscillate. The peak power of 
the laser is obtained at slightly more than 1 dBm. Figure 4.28 shows the output optical 
spectrum of the dual-wavelength laser with a scanning time interval of 10 minutes. In 
our experiment, the dual-wavelength operation can be stable for more than 2 hours if the 
temperature variation and mechanical vibration are reasonably small (i.e., in a 
laboratory). As seen in the inset of Figure 4.28, the difference in each laser wavelength 
is less than 2 dB, which indicates the stability of the output. No other lasing modes are 
observed in the thulium gain band. As the laser wavelength is only determined by the 
FBG, the operating wavelength could be tuned by stretching the FBG or other 
mechanism. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.28: The stability graph with 10 minutes period of each interval. Inset shows the 
peak power fluctuation for dual-wavelength at 1901.09 nm and 1901.98 nm for 13 
readings over 13 minutes. 
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 Summary 4.10
An efficient fiber laser operating at 1901.6 nm using a newly fabricated TBF 
under both 800 nm and 1552 nm pumping schemes have been demonstrated. The TBF 
was fabricated using MCVD process associated with optimized SD techniques. With 
800 nm pumping, the TBFLs at 1901.6 nm are obtained at a noticeably low threshold 
pump power of 75-92 mW using two fiber Bragg gratings (FBGs) in a Fabry-Perot 
cavity. The highest efficiency of 42.2% is achieved using a 0.4 m long TB2 fiber with a 
core dopant concentration (in wt%) of 0.35 Bi2O3, 0.9 Tm2O3, 3.0 Al2O3 and 4.0 GeO2. 
Compared to the laser from a commercially available TDF, the proposed laser has a 
significantly higher efficiency and lower threshold pump power due to the presence of 
active bismuth ions in the gain medium. The maximum output power of 52.7 mW is 
achieved at the pump power of 195 mW. With 1552 nm pumping, the TBFL generates 
1901.6 nm laser with an efficiency of 32.5% and pump power threshold of 49 mW 
using 2 m long TB1 in a Fabry-Perot cavity with two FBGs. The maximum output 
power of 210 mW is achieved at the pump power of 700 mW with the optimum length 
of 2 m. We also demonstrate an efficient TBFL with dual pumping at 800 nm and 1552 
nm. The TBFL operates at 1901.6 nm with a lasing efficiency of 35.06% and pump 
power threshold of 120 mW using a 1-m-long TB2 in a linear cavity setup. The high 
efficiency is attributed to the use of additional 1552 nm pump to complement 800 nm 
pumping. The maximum output power of 256 mW is achieved at the pump power of 
820 mW with the optimum length of 1 m. An all-fiber dual-wavelength TBFL operating 
in the 1900 nm region in the room temperature is also demonstrated using a single FBG 
in a ring configuration. The addition of active bismuth ions as co-dopant in the gain 
medium enhances the inhomogeneous broadening effect in the fiber, therefore allows a 
dual-wavelength oscillation with the assistance of the FBG that has a flat top reflection 
spectrum. By pumping the gain medium with 1552 nm laser, a dual-wavelength output 
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lines are obtained at 1901.09 and 1901.98 nm with a spacing of 0.89 nm and an optical 
SNR of more than 45 dB as the PC orientation is adjusted. The dual wavelength laser 
can be switched to operate in single-wavelength at either 1901.09 or 1901.98 nm by 
altering the intracavity polarization using the PC. The benefit of the proposed 1.9 µm 
laser system is that it operates in the eye-safer wavelengths, where permissible free 
space transmission levels can be several orders of magnitude greater than 1 µm. 
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5 CHAPTER 5 
1.9 µm Q-SWITCHED FIBER LASER 
 
5.1 Introduction 
Pulsed fiber-based laser systems operating in the 1.9 µm wavelength region is 
promising for applications such as light detection and ranging (lidar), medicine, and as 
pumps for mid-IR generation. In the past several years, many studies on passively 
mode-locked or Q-switched thulium-doped pulse fiber lasers have been reported based 
on either active or passive methods (El-Sherif et al., 2003b; Jiang et al., 2013; Wang et 
al., 2011). Compared to the ones derived via active techniques, passively Q-switched 
fiber lasers possess attractive advantages of compactness, simplicity, and flexibility in 
design. Furthermore, passively Q-switched fiber laser features flexibility of 
configuration and do not require additional switching electronics. These lasers have 
been extensively investigated using different kinds of saturable absorbers (SAs), for 
instance the well-known technique using semiconductor saturable absorber mirrors 
(SESAMs) (Kivistö et al., 2008), however, SESAMs are still expensive and complex to 
be fabricated and consequently only one or two companies can supply 2 µm SESAMs.  
More recently, novel nano-materials such as graphene and carbon nanotubes 
(CNTs) have caught much attention as it was reportedly used in broadband functional 
SAs (Hasan et al., 2009; Sun et al., 2010a). Both graphene and CNTs has their unique 
characteristic that brings advantages to the user as SAs.  Graphene is a two-dimensional 
crystal of carbon atoms arranged in a honeycomb lattice. Isolated graphene nanosheets 
were firstly produced by mechanical exfoliation from bulk graphite in 2004 (Novoselov 
et al., 2004). Graphene has outstanding linear and nonlinear optical properties, such as 
low threshold level of saturable absorption (~0.7 MW cm-2), ultrafast recovery time 
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(200 fs) and an ultrabroad wavelength independent saturable absorption range, which 
covers the wavelength range from the visible to mid infrared (Bao et al., 2009; Cunning 
et al., 2011). This is due to the gapless linear dispersion of Dirac electron in graphene 
which allows a broadband operation. 
Apart from that, the utilization of CNTs in high performance electronic and 
photonic devices due to their excellent electrical and optical properties have gathered 
tremendous attention in recent years (Cao et al., 2008; Halder et al., 2012). Their 
successful implementation in a wide range of photonic devices, such as saturable 
absorbers (Hasan et al., 2009), ultra-fast optical switches (Song et al., 2006), and 
wavelength converters (Chow et al., 2010) are particularly due to their unique nonlinear 
optical properties.  
In this chapter, Q-switched fiber lasers operating in the 1900 nm region are 
demonstrated using a simple and low cost graphene and multi-walled carbon nanotubes 
(MWCNTs) as saturable absorber. Both graphene and MWCNTs are embedded in 
polymer composite film before it is integrated into a ring laser cavity by sandwiching it 
between two fiber connectors. The novelty of this work lies in the use of a new type of 
SAs preparation method in conjunction with an all-fiber ring cavity configuration due to 
the compatibility of silica host with standard optical components. Compared to the other 
2 µm Q-switched fiber laser, the proposed laser configuration is simpler and more 
compact.   
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5.2 Q-switched Thulium-doped fiber laser (TDFL) using a graphene based SA  
 This section discusses about the generation of Q-switched fiber laser using a 
commercial Thulium-doped fiber (TDF) as a gain medium. As explained in the previous 
chapter, the TDF used has a core and cladding diameters of 9 µm and 125 µm 
respectively, with a loss of less than 0.2 dB/km at 1900 nm. The Tm ion absorptions are 
27 dB/m at 793 nm. The performance of the Q-switched TDFL is investigated for two 
different pumping schemes; 800 nm and 1552 nm. 
 
5.2.1 Fabrication and characterization of graphene film 
In constructing a graphene based SA, the first step is to produce graphene flakes 
using electrochemical exfoliation process. In this process, a constant voltage difference 
of 20 V was applied to two graphite rod electrodes, which are placed 1 cm apart in an 
electrolysis cell filled with electrolyte (1% Sodium dodecyl sulfate (SDS) in deionized 
water) as shown in Figure 5.1. Hydroxyl and oxygen radicals are generated due to 
electrolysis of the water at the electrode during the electrochemical process. Then 
oxygen radicals started to corrode the graphite anode. This was followed by the 
intercalation of anionic surfactant and finally graphene sheets are created in the 
solution. In our work, black sediments (graphene) started to peel off from the anode 
after several minutes. The exfoliation process was continued for 2 hours to obtain a 
stable graphene suspension in the SDS solution. The stable graphene suspension was 
centrifuged at 3000 rpm for 30 minutes to remove large agglomerates. Then, the 
supernatant portion of the suspension was decanted. The concentration of the 
centrifuged graphene was estimated from the weight of the suspension used. To 
fabricate the composite, 1 g of polyethylene oxide (PEO) (Mw = 1 000 000 gmol-1) was 
dissolved in 120 ml of deionized water. The graphene solution obtained from the 
electrochemical exfoliation was then mixed with a PEO solution at ratios of 5:5 of 
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graphene:PEO in ml respectively. The solution was dried in petri dishes at 56oC to 
obtain free standing films with 50 µm thickness.  
 
 
 
 
 
 
 
 
 
 
 Figure 5.1: Electrochemical exfoliation of the graphene. 
 
Raman spectroscopy was performed to confirm the presence of graphene layer 
in the fabricated thin film using laser excitation at 532 nm (2.33 eV) with an exposure 
time of 10 seconds. The detector was a charge-coupled device (CCD) camera. Figure 
5.2 illustrates the measured Raman spectrum from the graphene film. It shows three 
prominent peaks, which are located at approximately 1351 cm-1, 1617 cm-1 and 2911 
cm-1, generally known as the D, G and 2D band, respectively. G-band contributes to an 
E2g mode of graphite and is related to the in-plane vibration of sp2-bonded carbon 
atoms, while D-band is associated with the vibrations of carbon atoms with sp3 
electronic configuration of disordered graphite. The intensity ratio of the D and G-band 
of the graphene sheet is about 1.2, indicating defects in the graphene samples. However, 
the amount of structural defects is not large since the D-peak is not very broad (Sun et 
al., 2010a). The intensity ratio between G and 2-D peak can be used to determine the 
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graphene layer. It was reported that single-layer graphene has a low intensity ratio, 
usually lower than 0.5 while multi-layer graphene shows higher intensity ratio (≥1) 
(Reina et al., 2008). The shape of the 2-D peak can also be used to estimate the number 
of graphene layers. As the graphene layer increases, the full-width half maximum 
(FWHM) of the 2-D peak follows (Ferrari et al., 2006). The Raman spectroscopy 
reveals a broad 2-D peak, which indicates the graphene has a multi-layer structure. As 
shown in Figure 5.2, the FWHM for G and 2-D peaks are obtained at 39 and 67 cm-1, 
respectively. From the intensity ratio of G and 2-D peaks and their FWHM, it can be 
inferred that the number of graphene layers is more than four (Graf et al., 2007). Figure 
5.3 shows the loss spectrum of the graphene saturable absorber (GSA) at 1900 nm 
region. The insertion loss of the SA is estimated to be around 2 dB at 1900 nm. The 
weak 2-D peak is due to the multi-layered graphene, which significantly decreases the 
relative intensity (Ferrari et al., 2006).  
 
 Figure 5.2: Raman spectrum of the graphene film. 
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 Figure 5.3: The loss spectrum of the graphene saturable absorber at 1900 nm region. 
 
5.2.2 Laser configuration  
The experimental setup of the proposed Q-switched TDFL is shown in Figure 
5.4, which consists of a 2 m long TDF, a 800/2000 nm wavelength division multiplexer 
(WDM), a graphene film based SA, and 10 dB output coupler in a ring configuration. 
The SA is fabricated by cutting a small part of the prepared film (2×2 mm2) and 
sandwiching it between two FC/PC fiber connectors, after depositing index-matching 
gel onto the fiber ends. The TDF is pumped by an 800 nm laser diode via the WDM. 
The output of the laser is tapped from the cavity through a 10 % port of the 10 dB 
coupler. The optical spectrum analyser (OSA, Yokogawa, AQ6375) is used for the 
spectral analysis of the Q-switched TDFL with a spectral resolution of 0.05 nm whereas 
the oscilloscope (OSC, Tektronix, TDS 3052C) is used to observe the output pulse train 
of the Q-switched operation via a photo-detector (EOT, ET-5010-F). The total cavity 
length of the ring resonator is measured to be around 8.7 m. 
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 Figure 5.4: Schematic configuration of the Q-switched TDFL. 
 
5.2.3 Performance of the graphene based Q-switched TDFL  
Stable and self-starting Q-switching operation is obtained just by adjusting the 
pump power over the threshold of 186 mW. There is no lasing below the threshold 
pump power. Figure 5.5 shows the output spectrum of the Q-switched laser at the pump 
power of 186 mW. As seen, the laser operates at a wavelength of 1900 nm with FWHM 
of around 2.6 nm and optical signal to noise ratio (OSNR) of more than 30 dB. The 
optical spectrum of Figure 5.5 is noisy due to the OSA measurement which uses the 
high resolution setting. Without the SA, the TDFL generates a continuous wave (CW) 
laser as the pump power is set above the threshold power of 100.5 mW. Figure 5.6 
shows the output spectrum of the CW laser at the pump power of 100.5 mW, which 
operates at 1929 nm. The spectrum contains other subsidiary peak due to the spurious 
back reflection in the cavity. The operating wavelength shifts to a shorter wavelength by 
the incorporation of SA due to the insertion loss of the SA, which increases the cavity 
loss. Therefore, the oscillating laser shifts toward the peak absorption wavelength of the 
133 
 
thulium fiber, which is near to 1900 nm to acquire more gain so that it can compensate 
the additional cavity loss. Spectral broadening is also observed with the graphene-based 
SA due to self-phase modulation (SPM) and cross-phase modulation (XPM) effects in 
the ring cavity.  
 
 Figure 5.5: Output spectrum from the Q-switched TDFL at pump power of 186 mW. 
 
 Figure 5.6: The output spectrum of the CW TDFL, which is obtained without the 
SA at pump power of 100.5 mW. 
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Figure 5.7 shows the oscilloscope traces of the Q-switched pulse train at pump 
power of 202 mW. There is no distinct amplitude modulation in each Q-switched 
envelop spectrum, which indicates that the self-mode locking effect on the Q-switching 
is weak (Zhou et al., 2010b). At 186 mW pump power, a stable passively Q-switching 
operation starts to occur with an average output power of 0.5 mW and a repetition rate 
of 7.5 kHz. The pulse energy is calculated to be around 66.6 nJ at this pump power. The 
pulse energy could be improved by reducing the insertion loss of the GSA and 
optimizing the laser cavity. Figure 5.8 shows the typical oscilloscope trace of the pulse 
envelop at the pump power of 202 mW. As seen in the figure, the FWHM or pulse 
width is approximately 17.7 µs.  
 
 Figure 5.7: The pulse train for the proposed TDFL with graphene based SA at 202 
mW pump power with the repetition rate of 12.1 kHz. 
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 Figure 5.8: Enlarge pulse width spectrum. 
 
Figure 5.9 shows the repetition rate and the pulse width versus the pump power. 
The repetition rate of the graphene based Q-switched TDFL has a monotonically 
increasing, near-linear relationship with the pump power level, which is consistent with 
the result of EDFL for 1552 nm operation (Popa et al., 2011). When the pump power is 
tuned from 186 to 207 mW, the pulse train repetition rate varies from 7.5 to 13.1 kHz. 
On the other hand, the pulse width drops from 19.7 µs to 16.9 µs as the pump power 
increases from 186 to 194 mW. As the pump power is further increased, the pulse width 
starts to increase instead of reducing as shown in Figure 5.9. The V-shape trend of the 
resulting pulse width is similar to the one reported by (Jiang et al., 2013; Lu et al., 
2013; Wang et al., 2012c), where ~793 nm laser diode was used to pump the TDF. 
However, the trend was not observed by (Wang et al., 2012a), where a 1560 nm laser 
diode was used as the pump instead. When a TDF was pumped by 800 nm source, the 
Tm3+ ions were excited to the 3H4 level. When the ions occupy the upper lasing level, 
3F4, they experience a non-radiative transition where phonon is emitted. The phonon 
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generates heat in the fiber system. As the pump power increases, more Tm3+ ions 
occupy the 3H4 level and increase the non-radiative decay rate of the Tm3+ ions. Hence, 
more heat is introduced in the cavity where the GSA ends up absorbing the accumulated 
heat. This will energize some electrons in the graphene’s valence band to move up to 
the conduction band from the strong internal thermal motion. As less electrons in the 
valence band are available for photon absorption, the initial transmittance of the GSA 
becomes greater as the pump power or absorbed heat increases (Jiang et al., 2013). Thus 
graphene’s efficiency as a saturable absorber is greatly reduced such that the pulse 
width begins to increase again after the saturation of the GSA. The use of metal 
connector for the construction of the GSA further increases the heat accumulation since 
metal contact limits thermal dissipation from the graphene (Koh et al., 2010).   
 
 Figure 5.9: Repetition rate and pulse width as a function of pump power. 
 
Figure 5.10 shows the average output power and pulse energy of the Q-switched 
TDFL as a function of pump power. Inset of Figure 5.10 shows the CW laser efficiency 
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of the TDFL. Both output power and pulse energy increase as the pump power 
increases. The output power efficiency was 2.44%, which is a bit low compared to the 
efficiency of the CW laser which is 3.77%. The lower efficiency is attributed to the 
introduction of the SA inside the cavity which incurs a loss. Another possible reason for 
the low efficiency is probably due to the pump source that operates at slightly off the 
peak absorption wavelength of 793 nm. The operating pump emission spectrum was 
observed at 800 nm instead of 793 nm, thus the TDF fiber’s absorption was only around 
13 dB/m at 800 nm instead of 27 dB/m at 793 nm. The performance of the laser in terms 
of threshold and efficiency is expected to improve significantly if the pump operated at 
the optimum wavelength of 793 nm. The highest pulse energy obtained is 77.2 nJ at 
pump power of 207 mW. Figure 5.10 shows the Q-switched laser output in frequency 
domain, which was obtained by using the Radio Frequency (RF) Spectrum Analyzer. 
The measured RF spectrum shows a repetition rate of 10.8 kHz. The peak-to-
background ratio, which is obtained from the intensity ratio of the fundamental peak to 
the pedestal extinction, is around 31 dB, which indicates the stability of the laser. 
In the next section, the use of a 1552 nm pump source will be examined since 
the photon will only excite to the 3F4 laser level. Therefore, the system will not 
experience non-radiative decay and lattice vibration. The performance of the Q-
switched laser is expected to improve as less accumulated heat will be absorbed by the 
GSA as compared to the condition with ~800 nm pump wavelength.  
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 Figure 5.10: Output power and pulse energy versus pump power. Inset shows the 
efficiency of the CW TDFL. 
 
 
 Figure 5.11: RF spectrum of the Q-switched TDFL at 10.8 kHz repetition rate.  
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5.3 Graphene based Q-switched TDFL using a 1552 nm pumping  
Figure 5.12 shows the experimental setup of the proposed Q-switched TDFL 
using 1552 nm pumping excitation. The same GSA is used as a passive Q-switcher. The 
experiment setup comprises of a 4 m long TDF, which was pumped by a 1552 nm laser 
via a 1550/1900 nm WDM, an isolator, the graphene film based SA, and 10 dB output 
coupler in a  ring configuration. An isolator is used to ensure a unidirectional operation 
of the laser. The laser output is obtained via a 10 dB optical coupler located after the 
SA, which channels out about 10% of the oscillating light from the ring cavity. The total 
cavity length of the ring resonator is measured to be around 13.6 m. 
 
Graphene film 
based SA
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WDM
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10 dB coupler
Photo-detector (PD) Oscilloscope 
Isolator
 
  
 Figure 5.12: Experimental setup of the graphene based Q-switched TDFL using a 
1552 nm pumping scheme. 
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Figure 5.13 shows the output spectrum of the Q-switched laser analyzed by an 
OSA with a resolution of 0.05 nm. Inset of Figure 5.13 shows the CW laser spectrum at 
the threshold pump power of 416 mW, which operates at 1849.5 nm. Once the SA is 
inserted into the laser cavity, the laser starts to operate in a passive Q-switching 
operation as the pump power is adjusted to 513 mW. As seen in Figure 5.13, the Q-
switched laser operates at a wavelength of 1844.1 nm with the FWHM of 0.24 nm and 
signal to noise ratio of about 29 dB. As in 800 nm pumping, the threshold value is 
slightly higher and the operating wavelength shifts to a shorter wavelength by the 
incorporation of the SA.  
 
 
 Figure 5.13: Output spectrum of the generated Q-switched TDFL. Inset shows the 
output spectrum of the CW laser. 
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Figure 5.14 exhibits the Q-switched pulse train when the pump power is fixed at 
the threshold value of 513 mW. A stable passive Q-switching operation starts to occur 
with an average output power of 0.61 mW and repetition rate of 6.73 kHz. The pulse 
energy is calculated to be around 90.64 nJ at this pump power. Figure 5.15 shows the 
enlarged oscilloscope trace of the pulse train at the pump power of 513 mW with 11.41 
µs pulse width.  
Figure 5.16 shows the repetition rate and pulse width versus the pump power. 
Contrary to a mode-locked fiber laser, where the repetition rate is dependent on cavity 
length, the repetition rate in Q-switched fiber laser varies with pump power (Liu et al., 
2013). As the pump power increases, more gain is provided to saturate the SA. Since 
pulse generation relies on saturation, the repetition rate increases with the pump power 
(Spühler et al., 1999) as shown in Figure 5.16. When the pump power is tuned from 513 
to 539 mW, the pulse train repetition rate varies from 6.73 to 24.16 kHz. The pulse 
width reduces from 11.41 to 8.17 µs within the same pump power range. Further 
reduction in pulse width is expected when the pump power increases to the point 
allowable by the damage threshold of the GSA. The V-shape trend of the pulse width is 
not observed in this experiment where 1552 nm laser diode was used to pump the TDF. 
The use of 1552 nm as a pump source allows the photon to excite into the 3F4 laser level 
instead of 3H4. The performance of the Q-switched laser has improved as expected since 
less accumulated heat will be absorbed by the graphene based SA compared to the 
condition observed with the 800 nm pump wavelength.  
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 Figure 5.14: The pulse train for the proposed TDFL with multi-layer graphene film 
based SA at threshold with the repetition rate of 6.73 kHz. 
 
 
 Figure 5.15: Enlarged pulse envelop with pulse width of 11.41 µs. 
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 Figure 5.16: Repetition rate and pulse energy as a function of pump power. 
 
Figure 5.17 shows the average output power and pulse energy of the Q-switched 
TDFL as a function of pump power. The output power increases from 0.61 to 1.01 mW 
and the pulse energy reduces from 90.64 to 41.8 nJ as the pump power is increased from 
513 mW to 539 mW. These results indicate that GSA has a big potential for superior Q-
switching compared to conventional light absorbing components when carefully 
employed in an appropriate laser system. The fabrication of the GSA is also simple and 
thus the cost of the laser should be low. The simple and low cost laser is suitable for 
various applications. 
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 Figure 5.17: Output power and pulse energy versus pump power. 
 
5.4 Multi-walled carbon nanotubes (MWCNTs) based SA for Q-switching in 
the 2 micron region 
Carbon nanotubes (CNTs) have gained great attention due to their excellent 
electrical and optical properties, which enable them to be used in various electronic and 
photonic devices (El-Sherif et al., 2003b). To date, many works have been reported on 
the use of CNT-based saturable absorbers for the generation of Q-switched or mode-
locked lasers. Most of these works focus on 1550 nm and 1060 nm applications using 
an erbium or ytterbium doped fiber gain medium, respectively (Hasan et al., 2009; Kieu 
et al., 2009).  
Recently, a new member of the carbon nanotubes family, multi-walled carbon 
nanotubes (MWCNTs) (Costa et al., 2008; Dresselhaus et al., 2005) have also attracted 
many attentions for nonlinear optics applications. Compared with SWCNTs, the 
MWCNTs have a higher mechanical strength, better thermal stability as well as the 
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ability to absorb more photons per nanotube due to its higher mass density of the multi-
walls (Banhart, 1999; Ramadurai et al., 2008). To date, there are only a few reported 
works on applications of MWCNTs material as a saturable absorber. Recently, (Lin et 
al., 2013) employs MWCNTs based saturable absorber for mode locking of a Nd:YVO4 
laser. 
In this section, an all-fiber Q-switched TDFL is demonstrated using a simple and 
low cost newly developed MWCNTs based SA as the Q-switcher. The saturable 
absorber employs MWCNTs which is embedded in polyvinyl alcohol (PVA) film. A 
stable Q-switched TDFL is generated using an 800 nm pump power. The performance 
of the TDFL is also investigated with 1552 nm pumping. 
 
5.4.1 Fabrication and Raman Characterisation of MWCNT-PVA Film 
The SA was fabricated using MWCNTs powder with a diameter of 10-20 nm 
and the length distribution of 1-2 µm as a raw material. The MWCNTs was 
functionalized so that it can be dissolved in water. The functionalizer solution was 
prepared by disolving 4 g of sodium dodecyl sulphate (SDS) in 400 ml deionized water. 
250 mg MWCNT was added to the solution and the homogenous dispersion of 
MWCNTs was achieved after the mixed solution was sonicated for 60 minutes at 50 W. 
The solution was then centrifuged at 1000 rpm to remove large particles of undispersed 
MWCNTs to obtain dispersed suspension that is stable for weeks. MWCNTs-PVA 
composite was prepared by adding the dispersed MWCNTs suspension into a PVA 
solution by three to two ratio. The PVA solution was prepared by dissolving 1 g of PVA 
(Mw = 89×103 g/mol) in 120 ml of deionized water. The homogeneous MWCNTs-PVA 
composite was obtained by sonification process for more than one hour. The MWCNT-
PVA composite was casted onto a glass petri dish and left to dry at room temperature 
for about one week to produce a thin film with thickness around 50 µm. 
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Figure 5.18 shows the Raman spectrum which was performed on the MWCNTs-
PVA film. The Raman spectrum bears a lot of similarity to the one for graphene, which 
is not too surprising as it is simply a rolled up sheet of graphene. We can see well 
defined G (1580 cm-1) and D (1350 cm-1) bands in Figure 5.18 as normally observed in 
the spectra of graphene and graphite. The G-band originates from in-plane tangential 
stretching of the carbon-carbon bonds in graphene sheet. The existence of a prominent 
D band in the Raman spectrum indicates that the carbon nanotubes are a multi-walled 
type, which has multi-layer configuration and disordered structure. The D-band 
originates from a hybridized vibrational mode associated with CNT edges and it 
indicates the presence of some disorder to its structure. The D'-band which is a weak 
shoulder of the G-band is also observed at 1613 cm-1 due to the double resonance 
feature induced by disorder and defect. The absence of Radial Breathing Mode (RBM) 
at ~250 cm-1 band in the Raman spectrum confirms the multi-walled type of CNT used 
in our experiment (Dresselhaus et al., 2005). This is due to the diameter of the wrapped 
CNT which consist of too many walls or the inner wall diameter is too big (Zdrojek et 
al., 2004). In addition, other distinguishable features like a G' (2705 cm-1) band which is 
attributed to the overtone (second-order) of the D-band, D+G band (2920 cm-1), a small 
peak at 854 cm-1 and Si were also observed. Figure 5.19 shows the transmission 
spectrum of the fabricated MWCNTs-PVA film. As shown in the figure, the 
transmission is featureless in the near infra-red region, showing the broadband property 
of our saturable absorber. The transmittance is observed to be about 50.8% at 1900 nm 
region.   
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 Figure 5.18: Raman spectrum obtained from the MWCNTs-PVA film. 
 
 
 Figure 5.19: Transmission spectrum of the MWCNTs-PVA film. 
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5.4.2 Configuration of the laser 
The schematic of the proposed Q-switched TDFL is shown in Figure 5.20. It 
was constructed using a simple ring cavity, in which a 2 m long TDF was used for the 
active gain medium and the fabricated MWCNT-based SA was used as a Q-switcher. 
Figures 5.21 (a) and (b) show the image of the film attached onto a fiber ferrule and the 
constructed SA, respectively. The insertion loss of the SA is measured to be around 3.3 
dB at 1900 nm. The TDF was pumped by an 800 nm laser diode via an 800/2000 nm 
WDM. The temporal characteristics of the laser output were monitored using a 
combination of a photo-detector and a real time oscilloscope. The optical spectrum was 
measured using an OSA. The cavity length is approximately 7.6 m. The performance of 
the Q-switched TDFL is also investigated for 1552 nm pumping. In the experiment, 800 
nm laser diode and an 800/2000 nm WDM are replaced with 1552 nm pump and 
1550/1900 nm WDM while the TDF length is increased to 5 m for optimum laser 
performance. 
MWCNTs film 
based SA
800 nm Laser diode 
(LD)
WDM
TDF (2 m)
10 dB coupler
Photo-detector (PD)Oscilloscope 
 
 Figure 5.20: Schematic configuration of the Q-switched TDFL with 800 nm 
pumping. 
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 Figure 5.21: MWCNTs-PVA film based saturable absorber (a) the attachment of the 
film on the fiber ferrule (b) integration of MWCNTs composite film in the laser 
cavity. 
 
5.4.3 Q-switching performance with 800 nm pumping 
Figure 5.22 shows the output power of both Q-switched and CW lasers against 
the input pump power, which are obtained with and without the SA, respectively. A CW 
laser operates with an efficiency of 3.77% and threshold pump power of 133.1 mW. The 
efficiency is relatively low since the components used have a considerably high 
insertion loss at 1900 nm region. As the SA is inserted into the ring cavity, a stable and 
self-starting Q-switching operation is obtained by adjusting the pump power over a 
threshold of 187.3 mW. However, the efficiency of the laser is slightly reduced to 
2.68% due to the increased cavity loss. Figure 5.23 shows the output spectrum of the 
TDFL with and without SA at the pump power threshold of 187.3 mW. As can be seen 
from the figure, the Q-switched laser operates at a wavelength of 1892.4 nm, which is 
closer to the peak absorption of the TDF at around 1900 nm to compensate for the loss 
as compared to the CW laser (without SA). The OSNR is more than 30 dB. The 
spectrum bandwidth is also broadened in the Q-switched laser due to the self-phase 
modulation effect in the ring cavity.   
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 Figure 5.22: Output power characteristic against the pump power with and without 
the SA. 
 
 
 Figure 5.23: The output spectrum of the ring TDFL with and without the SA. 
 
Figure 5.24 shows the Q-switched pulse train trace by the oscilloscope at the 
pump power of 191.7 mW. At this pump power, the proposed TDFL generates a stable 
Q-switching pulse with an average output power of 0.5 mW and repetition rate of 4.5 
kHz. The pulse energy is calculated to be around 111.1 nJ at this pump power. Figure 
5.25 exhibits the single spectrum of the pulse width taken from the oscilloscope at the 
pump power of 191.7 mW. As seen in the figure, the FWHM or pulse width was 
obtained at 18.4 µs.  
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 Figure 5.24: Q-switching pulse train at the pump power of 191.7 mW. 
 
 
 Figure 5.25: The pulse envelop of the Q-switched laser at the pump power of 191.7 
mW. 
 
Figure 5.26 shows the repetition rate and the pulse width of the proposed Q-
switched TDFL versus the pump power. The repetition rate has a monotonically 
increasing, near-linear relationship with the pump power level, which is consistent with 
other reported results of the SWCNTs based fiber lasers (Ahmad et al., 2013). When the 
pump power is tuned from 187.3 to 194.2 mW, the pulse train repetition rate varies 
from 3.8 to 4.6 kHz. However, the pulse width is inversely proportional to the tuned 
pump power, where the pulse width becomes shorter as the pump power increases. The 
shortest pulse width of 18.3 µs is achieved at the maximum pump power of 194.2 mW. 
The pulse width is expected to decrease further if the pump power can be augmented 
beyond 194.2 mW as long as it is still kept below the damage threshold of the 
MWCNT-PVA based SA. Shortening the total cavity length of the fiber laser is another 
alternative to get a shorter pulse (Luo et al., 2010). Figure 5.27 shows the output power 
and pulse energy as a function of pump power. It is found that both output pump power 
and pulse energy increase with the pump power. At the maximum pump power of 194.2 
mW, the average pump power and pulse energy of the Q-switched laser are obtained at 
0.58 mW and 126.1 nJ, respectively. 
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 Figure 5.26: Repetition rate and pulse width as a function of pump power. 
 
 Figure 5.27: Average output power and pulse energy as a function of pump power. 
5.4.4 Q-switching performance with 1552 nm pumping 
 Aside from 800 nm pumping, the TDFL can also be pumped by 1552 nm light to 
create a population inversion between 3F4 and 3H6 energy levels and generates laser at 
the 1900 nm region. Here, the performance of the Q-switched TDFL is investigated 
using a 1552 nm pump as the pump source based on the similar setup of Figure 5.20. 
The total cavity length is measured to be around 11.6 m due to the increment of both 
TDF (4 m) and WDM fiber length. The TDFL starts to operate in CW mode at threshold 
pump power of 256 mW. As the SA is incorporated into the cavity, a stable self-started 
Q-switching pulse train is obtained at the slightly higher pump power of 302.2 mW than 
the CW operation. Figure 5.28 compares the optical spectrum of the Q-switched TDFL 
with the CW. The Q-switched TDFL operates at a wavelength of 1910.8 nm, which is 
slightly shorter than the CW laser owing to the insertion loss produced by the SA. It has 
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a broad FWHM of 3.0 nm due to the SPM effect in the ring cavity and signal to noise 
ratio (SNR) of approximately 30 dB.  
 
 Figure 5.28: Optical spectra of the TDFL with CW and Q-switching modes of 
operation. 
 Figure 5.29 shows the oscilloscope trace of the typical Q-switched pulse train at 
1552 nm pump power of 382.1 mW. It is observed that the Q-switching operation is 
stable for the TDFL where neither amplitude variation nor timing jitter was noticeable 
in the pulse train. This indicates that the self-mode locking effect on the Q-switching is 
suppressed (Zhou et al., 2010b). The spacing between two pulses in Figure 5.29 is 
measured to be around 46.0 µs, which can be translated to repetition rate of 21.7 kHz. 
At this pump power, the pulse width and an average output power were measured to be 
7.9 µs and 2.2 mW, respectively and thus the pulse energy is calculated to be 103.4 nJ. 
Figure 5.30 shows the relation of repetition rate and pulse width with the pump power 
for the TDFL. In the Q-switched laser, the dependence of the pulse repetition rate can 
be seen to increase, while the pulse width decreases almost linearly with the pump 
power. This agrees well with the previous result on a 800 nm pumping. By varying the 
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pump power from 302.2 mW to 382.1 mW, the pulse repetition rate of the Q-switched 
TDFL configured with 1552 nm pumping can be tuned from 13.1 kHz to 21.7 kHz 
while the corresponding pulse width reduces from 11.5 to 7.9 µs.  
 
 Figure 5.29: The typical pulse train for the proposed TDFL at 1552 nm pump power 
of 382.1 mW. 
 
 Figure 5.30: Repetition rate and pulse width as a function of a 1552 nm pump 
power. 
 
Figure 5.31 shows the average output power and pulse energy of the proposed 
Q-switched TDFL as a function of a 1552 nm pump power. It is observed that both 
output power and pulse energy increase with the increment of the pump power from 
302.2 to 382.1 mW. Further increasing the pump power leads to randomizing the pulses 
and the pulse train of the passively Q-switched laser became unstable and strong 
amplitude variation appeared. It is predicted that the fluctuation is caused by the lower 
damage threshold of the MWCNT under higher pump power, considering the fact that 
the laser will completely stop lasing if the pump power is further increased. It is also 
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observed that the Q-switching operation of the laser can be resumed back as the pump 
power is reduced within 302.2 to 382.1 mW. These results indicate that both 800 and 
1552 nm pumping schemes can be used for generating Q-switching pulse train in the 
TDFL. The fabrication of the SA is also simple. Furthermore, the material cost of 
MWCNTs is cheaper compared to the graphene and single-walled CNT; hence the 
MWCNTs based Q-switched laser is preferable.  
 
 Figure 5.31: Average output power and pulse energy as a function of a 1552 nm 
pump power. 
 
5.5 2 µm Q-switched TBFL 
 A significant research interest has emerged in the field of 2 micron Q-switched 
lasers due to their usefulness in various applications. Most of the Q-switched lasers use 
graphene saturable absorbers (GSAs), which are considered as a broadband SA. For 
instance, Wang et. al. (Wang et al., 2012b) reported a Q-switched TDFL with a 
maximum pulse energy of 69 nJ and repetition rate of 26 kHz using the GSA. In another 
work, Jiang et. al. (Jiang et al., 2013) demonstrated a Q-switched laser with pulse 
duration and repetition rate of 760 ns and 202 kHz, respectively, using GSA transferred 
to a high reflective mirror as saturable absorber. In Chapter 4, a newly developed 
Thulium Bismuth co-doped fiber (TBF) is demonstrated to generate an efficient laser 
operating in the 1900 nm wavelength region. In this section, a Q-switched Thulium 
Bismuth co-doped fiber laser (TBFL) is demonstrated for the first time using a similar 
TBF in conjunction with a simple and low cost MWCNTs based SA. The performance 
of the proposed Q-switched TBFL is then compared with a previously demonstrated Q-
switched TDFL, which was obtained by using a commercial TDF and the same 
MWCNTs-PVA film based SA.   
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5.5.1 Experimental arrangement 
 The TBF was obtained by drawing a preform, which was fabricated using a 
deposition of porous layer by modified chemical vapor deposition (MCVD) process in 
conjunction with a solution doping technique as discussed in the section 4.2, in the 
previous chapter. The fabricated TBF sample used as a gain medium in this chapter is 
TB2 which has a circular cladding with the core and cladding diameters of 7.2 µm and 
125 µm, respectively. The EPMA result shows its core has dopant concentrations (in 
wt%) of  0.35 Bi2O3, 0.9 Tm2O3, 3.0 Al2O3 and 4.0 GeO2, which correspond to Bi and 
Tm ratio (Bi:Tm) of 1:2.57. The NA of the fiber is measured to be around 0.23. 
 Figure 5.32 shows the configuration of the proposed Q-switched TBFL using the 
fabricated TBF as the gain medium in conjunction with the homemade MWCNTs-PVA 
film SA. The fabrication of the SA has explained in detail in the section 5.4.1. The 
TBFL employs 0.4 m long TBF, which is pumped by an 800 nm laser diode via an 
800/2000 nm WDM. The output laser is sent to the 10 dB coupler in which 10% of it 
was measured by an OSA with a spectral resolution of 0.05 nm and an oscilloscope is 
used to observe the output pulse train of the Q-switched operation via a photo-detector. 
Another 90% of the light is kept oscillating in the ring cavity. The overall length of the 
laser cavity was ~6.0 m. The performance of the Q-switched TBFL operating at 1.9 µm 
is also compared with a previously demonstrated Q-switched TDFL. The TDF has a 
length of 2 m, NA of 0.15, core diameter of 9 µm and thulium ion concentration of 
0.25wt. %. 
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 Figure 5.32: Schematic configuration of the proposed Q-switched TBFL with 
MWCNTs-PVA SA. 
 
5.5.2 Q-switching performance 
 Figure 5.33 shows the output power characteristics of both the Q-switched 
TBFL and TDFL against the input pump power. There is no Q-switching pulse 
observed below the threshold pump power for both lasers. The threshold pump power of 
the Q-switched TBFL is obtained at 106.6 mW, which is much lower than that of the 
conventional TDFL. Stable Q-switching pulse can only be generated within a pump 
power range from 187.3 to 194.2 mW for the TDFL. At the threshold pump power, the 
output power of TBFL and TDFL are obtained at 0.37 mW and 0.40 mW, respectively. 
This shows that the efficiency of the TBFL is significantly higher than the conventional 
TDFL. The improved threshold and efficiency characteristics are due to the use of 
highly concentrated TBF as the gain medium, which reduces the cavity length of the 
laser. In addition, the presence of active bismuth ions in the gain medium improves the 
population inversion via the energy transfer process. However, the efficiency of both 
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TBFL and TDFL are comparatively low due to the insertion loss of the WDM, the 
output coupler and a saturable absorber. 
 
 Figure 5.33: The lasing characteristic of the Q-switched laser with two different gain 
media. 
 
 The output spectra of both Q-switched lasers were also monitored by an OSA, 
whose resolution is limited at 0.05 nm. Figure 5.34 shows the optical spectra of the 
TBFL and TDFL at the pump power threshold of 106.6 mW and 187.3 mW 
respectively. The TBFL operates at the center wavelength of 1857.8 nm, which is 
shorter than TDFL operating at 1892.4 nm due to the energy transfer from active 
bismuth, which provides a higher gain at shorter wavelength. The FWHM of the output 
spectra are obtained at ~0.18 nm and ~10.9 nm for TBFL and TDFL, respectively. The 
absence of spectral broadening in the Q-switched TBFL is due to the gain medium 
length used which is just around 0.4 m and thus prevents the non-linear effect to take 
place in the cavity. It is worth noting that the operating wavelength shifts to a shorter 
wavelength with the incorporation of the MWCNT-SA for both experiments due to the 
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insertion loss of the SA as compared to CW laser’s operating wavelength. As the cavity 
loss increases, the oscillating laser shifts toward the peak absorption wavelength of the 
gain medium as explained earlier. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5.34: The output spectra of the Q-switched TBFL and TDFL at the threshold 
pump power. 
 
 When the SA is inserted into the ring cavity, a stable and self-starting Q-
switching operation is obtained within a pump power of 106.6 - 160.0 mW and 187.3 - 
194.2 mW for TBFL and TDFL, respectively. Figure 5.35 shows the typical 
oscilloscope traces of those Q-switched pulse trains, which were measured at its 
threshold pump power by an oscilloscope via photo-detector. As shown in the figure, 
the pulse to pulse durations for the TBFL and TDFL are measured at 77.9 and 263.2 µs, 
which correspond to the repetition rates of 12.84 kHz and 3.8 kHz, respectively. The 
TBFL has a relatively higher repetition rate due to the gain medium length used which 
is reasonably shorter. The corresponding pulse widths are 9.6 µs and 22.1 µs for the 
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TBFL and TDFL, respectively. At the threshold pump powers of 106.6 and 187.3 mW, 
the average output power of the Q-switched TBFL and TDFL are 0.37 mW and 0.4 
mW, respectively.   
 
 
 Figure 5.35: Q-switching pulse train observed from an oscilloscope for TBFL and 
TDFL. 
 
 Figure 5.36 shows how repetition rate and pulse width for both Q-switched 
lasers are related to the pump power. The pulse repetition rate can be seen to increase 
almost linearly with pump power, while the pulse width decreases in the same fashion 
for both lasers. The pulse repetition rate of the Q-switched TBFL can be widely tuned 
from 12.84 to 29.48 kHz by varying the pump power from 106.6 to 160.0 mW. This 
agrees well with the passive Q-switching theory with a saturable absorber (Spühler et 
al., 1999). Meanwhile, its pulse width reduces from 9.6 to 6.1 µs. The tuning range of 
the repetition rate for TDFL is smaller than the one for TBFL due to the limited 
available pump power range. The lowest pulse width of the TDFL is 18.3 µs, which is 
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obtained at the maximum pump power of 194.2 mW. The repetition rate / pulse width of 
the TDFL is expected to increase / drop further by increasing the pump power, as long 
as the damage threshold of the SA is not exceeded. Compared to the TDFL, the pulse 
width of the Q-switched TBFL is significantly shorter due to the use of a higher doped 
fiber, which shortens the cavity length of the fiber laser. 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5.36: Repetition rate and pulse width as a function of pump power. 
 
 Figure 5.37 shows the average output power and pulse energy characteristics for 
both Q-switched lasers against the injected pump power. It is found that the output 
power and pulse energy increase with the pump power for both lasers. For instance, the 
output power of the TBFL increases from 0.37 to 1.82 mW and the pulse energy also 
increases from 28.8 to 61.7 nJ as the pump power is varied from 106.6 mW to 160.0 
mW. However, the highest pulse energy of 126.1 nJ is obtained by the TDFL at the 
maximum pump power of 194.2 mW. This is attributed to the repetition rate of the Q-
switched TDFL, which is significantly lower than that of the TBFL. The new fabricated 
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TBF exhibits a better Q-switching laser performance compared to the conventional 
TDF. This is most probably due to the use of TBF, which has a suitable lifetime for 
enhancing Q-switching operation (Keller, 2003). 
 
 
 
 
 
 
 
 
 
 
 Figure 5.37: Average output power and pulse energy as a function of pump power. 
 
5.6 Q-switched TBFL with 1552 nm pumping 
In this section, a new Q-switched TBFL is demonstrated using a 1552 nm 
pumping. The proposed laser uses the same SA and gain medium as the previous Q-
switched TBFL. Besides 800 nm pumping, the 1900 nm emission and lasing can be 
realized by pumping the TBF with a 1552 nm laser. Using a 1552 nm laser light, the 
Tm3+ is excited to excited state level to create a population inversion between 3F4 and 
3H6 level. When the thulium ions dropped to the ground state, it emits photons at 1900 
nm. Recently, a high power pump source at 1550 nm region can be easily realized using 
a double-clad Erbium-Ytterbium fiber as a gain medium and a 980 nm laser diode as a 
pumping source. The 980 nm laser diode is widely available and much cheaper than 800 
nm laser diode. The configuration of the proposed new Q-switched TBFL is almost 
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similar to the previous setup of Figure 5.32 except for the pumping scheme used in this 
experiment which uses a 1552 nm pump and the WDM. The total length of the ring 
cavity is ~7.84 m. It employs 1.5 m long the fabricated TBF as the gain medium in 
conjunction with the homemade MWCNTs-PVA film SA. The light is split 90/10 by the 
10 dB coupler. 90% of the light oscillating in the ring cavity and propagates through the 
1550/2000 nm WDM to initiate laser oscillation. The output laser is measured by an 
OSA and the output pulse train of the Q-switched operation is observed using an 
oscilloscope via a photo-detector.   
 At first, the performance of the TBFL configured with and without SA is 
investigated by varying the 1552 nm pump power. Without the SA, the CW lasing was 
observed at the pump power threshold of 178 mW. A stable and self-starting Q-
switching operation is then obtained at threshold pump power of 500 mW by 
incorporating the SA in the cavity. Figure 5.38 compares the output spectrum of the CW 
and Q-switched TBFL when the pump power is fixed at 178 mW and 500 mW, 
respectively. The CW and Q-switched lasers operate at the center wavelength of 1881.7 
nm and 1843.0 nm, respectively. As mentioned earlier, the operating wavelength of Q-
switched TBFL shifts to a shorter wavelength due to the increment in the total cavity 
loss. The spectral broadening is also observed due to self-phase modulation effect in the 
cavity of Q-switched TBFL. The 3-dB bandwidth and signal to noise ratio of the Q-
switched fiber TBFL is measured to be ~10 nm and ~22 dB, respectively. A weak chirp 
is also observed for both lasers in the peak wavelength range of the output spectrum as 
shown in Figure 5.38 due to the multimode oscillations and cavity perturbations (Dong 
et al., 2010). As the pump power is increased further, the chirp disappears due to the 
suppression of the mode-competition in the cavity.   
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 Figure 5.38: The output spectrum of the TBFL with and without the SA. 
  
Figure 5.39(a) shows the oscilloscope trace of the Q-switched pulse train at 
pump power of 500 mW. The spacing between two pulses is measured to be around 
44.4 µs, which can be translated to repetition rate of 22.5 kHz. Figure 5.39(b) illustrates 
the enlarged pulse envelop of the pulse train with a pulse width of 5.6 µs at 500 mW. It 
is observed that the Q-switching operation is stable without any distinct amplitude 
modulation in each Q-switched envelop of the spectrum. In the absence of the SA in the 
cavity, no pulse generation is observed. Therefore, it is proven that the observed pulse 
originates from the MWCNTs-SA in the cavity and is not from the gain medium. At the 
threshold pump power of 500 mW, the average output power of the Q-switched pulse 
laser is measured to be 0.62 mW, which corresponds to pulse energy of 27.5 nJ.   
 
 (a) (b) 
 Figure 5.39: (a) The pulse train for the proposed TBFL with MWCNTs-SA at 
threshold with the repetition rate of 22.52 kHz. (b) Enlarged pulse width spectrum 
with a pulse width of 5.6 µs. 
 
 Figure 5.40 shows the relation between repetition rate and pulse width of the 
1552 nm pump power. The pulse repetition rate is increased almost linearly with the 
pump power, while the pulse width reduces with the same trend which is similar to the 
previous Q-switching results for both TDFL and TBFL. The pulse repetition rate of the 
Q-switched TBFL can be widely tuned from 22.52 kHz to 61.99 kHz by varying the 
1552 nm pump power from 500 mW to 800 mW. The tuning range is wider compared 
to that of 800 nm pumping. As can be seen, the pulse width reduces from 5.6 to 4.0 µs 
as the pump power increases from 500 to 800 mW. The pulse duration could be reduced 
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by using shorter highly doped gain medium and further shortening the fiber between the 
components of the laser cavity. Since the higher pump power will destroy the 
MWCNTs-PVA SA due to the thermal characteristics of the carbon nanotubes, the 
applied pump power was controlled below 800 mW. The Q-switching tuning range of 
the proposed laser is also found to be higher than that of the previous report on the Q-
switching based on SWCNTs-SA (Dong et al., 2010; Zhou et al., 2010b). This is most 
probably due to the saturation fluence of the proposed MWCNTs-SA, which is higher 
than the SWCNTs-SA. 
 
 Figure 5.40: Repetition rate and pulse width as a function of pump power. 
 
 Figure 5.41 shows the average output power and pulse energy of the Q-switched 
TBFL versus the pump power. The average output power is found to increase with the 
increase in pump power. The slope efficiency is calculated to be 0.85%; the lower 
efficiency is attributed to the introduction of the SA inside the cavity and the 
employment of 1550 nm components which incurs a loss. The maximum output power 
of the TBFL is obtained at 3.35 mW when the pump power is 800 mW. On the other 
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hand, the pulse energy fluctuates with the pump power increment. The highest pulse 
energy of 54.1 nJ is achieved at the pump power of 650 mW. The Q-switched fiber laser 
shows a stable operation without significant degradation of the deposited MWCNTs 
with such output pulse energy level.  
 
 
 Figure 5.41: Average output power and pulse energy versus pump power. 
 
5.7 Summary 
 In this chapter, a couple of new configurations and techniques for realizing an 
all-fiber Q-switched fiber lasers have been demonstrated. These lasers are based on 
commercial TDF and newly developed TBF as the gain medium in conjunction with 
800 and 1552 nm pumping. Two passive saturable absorbers; graphene and MWCNTs 
are developed and fabricated in-house to realize the Q-switching. The graphene flakes 
are obtained via electrochemical exfoliation of graphite rod in the electrolyte at room 
temperature and then mixed with the polymer to form a free standing film with a 
thickness of 50 µm. On the other hand, the MWCNTs composite is prepared by mixing 
the MWCNTs homogeneous solution with a dilute polyvinyl alcohol (PVA) polymer 
solution before leaving it to dry at room temperature to produce a film. The fabricated 
SA is then attached to the end of fiber ferrule with the aid of index matching gel and 
connected with another clean fiber ferrule via FC/PC connector to construct the SA. The 
SA is incorporated in a ring TDFL and TBFL to generate Q-switching pulse train. The 
performance of the Q-switched lasers is summarized in Table 5.1. It is found that the 
MWCNTs-SA performs better than the GSA. This is due to the better thermal 
management and the saturation fluence of the MWCNTs. To the best of our knowledge, 
this is the first reported Q-switched laser at 2 µm region using MWCNTs based SA. 
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Table 5.1: Q-switched performance of the GSA and MWCNTs 
Types of 
SA 
Gain 
media  
Pumping 
excitation 
(nm) / length 
of fiber (m) 
Input range 
(mW) 
Highest 
average 
output 
(mW) 
Lowest 
pulse 
width (µs) 
Highest 
Repetition 
rate (kHz) 
Highest 
Pulse 
energy 
(nJ) 
Graphene TDF 
800 / 2  186 – 207 1.01 19.3 13.1 77.2 
1552 / 4  513 – 539 1.01 8.17 24.16 90.64 
MWCNTs 
TDF 
800 / 2  187.3 – 194.2 0.58 18.3 4.6 126.1 
1552 / 5  302.2 – 382.1 2.2 21.7 46.1 103.4 
TBF 
800 / 0.4  106.6 – 160 1.82 6.1 29.48 61.7 
1552 / 1.5  500 – 800   3.35 4 61.99 54.1 
 
 The Q-switch TDFL was successfully demonstrated using a 2 m long TDF, 
which is pumped by an 800 nm laser diode and a GSA.  At the maximum pump power 
of 207 mW, the laser produces the highest repetition rate of 13.1 kHz and the highest 
pulse energy of 77.2 nJ. The pulse width trend follows a V-shaped curve due to the 
effect of heat transfer to the GSA, which was initiated by the non-radiative emission 
from 3H4 to 3F4 level of thulium. The curved is eliminated by using 1552 nm (3H6 to 3F4) 
pumped wavelength to excite the thulium ions. The attainable pulse energy can be 
increased to 90.64 nJ. We also demonstrated a Q-switched TBFL using a MWCNTs 
based SA in conjunction with 800 nm pumping. The performance of the TBFL is also 
compared to that of a TDFL. The TDFL generates an optical pulse train with a 
repetition rate from 3.8 to 4.6 kHz with a pulse width of 22.1 to 18.3 µs when the pump 
power is tuned from 187.3 to 194.2 mW. Meanwhile, the pulse train of the Q-switched 
TBFL has a repetition rate ranging from 12.84 to 29.48 kHz, pulse width of 9.6 to 6.1 µs 
with the pump power varied from 106.6 to 160 mW. The Q-switched laser is generated 
at the lowest threshold pump power of 106.6 mW. The Q-switched TBFL is also 
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demonstrated using 1552 nm pumping. It operates within a wide pump power range of 
300 mW. The repetition rate increases from 22.52 to 61.99 kHz while the pulse width 
reduces from 5.6 to 4.0 µs by increasing the pump power from 500 to 800 mW. The 
proposed laser is expected to have various practical applications in fiber 
communications and sensors. 
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 CHAPTER 6 6
CONCLUSIONS AND FUTURE WORKS 
 
6.1 Conclusion 
This research work is devoted to the construction of fiber lasers that emit longer 
wavelength beams (in the spectral region of around 1.9 µm) utilizing thulium doped and 
co-doped fiber laser for the improvement of lasing efficiency and threshold pump 
power. The approach taken involves employing two different co-doping elements which 
are Ytterbium-Thulium doped fiber (YTDF) and Thulium-Bismuth doped fiber (TBF) 
as the gain media. Both fibers are newly fabricated and their spectroscopic properties as 
well as energy transfer processes have been investigated. In the Q-switched laser, new 
implementation of saturable absorbers which are graphene and multi-walled carbon 
nanotubes (MWCNTs) have been proposed using commercial Thulium-doped fiber 
(TDF) and TBF as the gain media. The proposed pulse laser performances are 
comparable to the reported published works.      
A spectroscopic study of YTDF exhibit possible degradation of the fiber laser 
performance in 2 µm region due to the upconversion (UC) processes which contribute 
to the effect of excited state absorption (ESA). A lasing action was successfully 
obtained using two YTDF samples with different Yb:Tm concentration (LTY6 and 
LTY8) based on a cladding pumping technique through the transition of thulium ions 
from 3F4 to 3H6 with the assistance of ytterbium to thulium ion energy transfer. With a 
ring configuration, the laser is more efficient when coupled with a 905 nm pumping 
source compared to the 931 nm pumping source. In the Fabry–Perot cavity with two 
FBGs configuration, the YTDF laser (YTDFL) operates at 1901.6 nm with an efficiency 
of 2.47% using an optimized 2 m long YTDF (LTY8). It is found that the higher 
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ytterbium to thulium concentration ratio of 4.0:1 contribute to more efficient energy 
transfer between the sensitizer and acceptor ions in YTDF, which in turn lowers the 
threshold of the laser. Higher NA and smaller core radius also contribute to the higher 
lasing efficiency. The use of multimode pump with slightly lower wavelength than 931 
nm is shown to improve both the laser’s threshold and efficiency of the YTDFL. 
Finally, a series of dual-pumping schemes are proposed to improve the lasing efficiency 
of YTDFL based on linear cavity configuration. However, the proposed YTDFL is 
experimentally less efficient than other reported works due to three possible reasons. 
The first reason is the size of the fabricated fiber core diameter, which is approximately 
two times larger compared to that of the FBG fiber (around 7–8 micron). When both 
fibers are spliced together, a higher splicing loss of around 1 dB is generated as a large 
portion of the pump power leaks out. The second reason is due to the poor thermal 
management of the YTDF. The YTDF cannot operate at pump powers higher than 3 W 
due to the fiber damage at the splicing point. The burnt fiber problem has been solved 
using a water bath, however the output power is still low. The third reason is due to the 
high possibility of multi-step energy transfer which leads to UC and blue emission.   
In comparison with YTDF, the enhancement of lasing performance has been 
identified in TBF using three TBF samples with different thulium and active bismuth 
concentration (TB1, TB2, and TB3). The incorporation of active bismuth ions in the 
gain medium helps increase the 3F4 population and thus improves the efficiency of the 
laser through energy transfer processes without any degradation from UC. The 
experimental results reveal that TB2 with a comparatively short length (0.4 m) of fiber 
can achieve higher efficiency as compared to the conventional TDF. This is attributed to 
the incorporation of Bi ions in the gain medium which help to increase the 3F4 
population through energy transfer processes. TB2 which has the highest amount of 
active bismuth and thulium concentrations exhibits the highest lasing efficiency. An 
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efficient TBFL with dual pumping at 800 nm and 1552 nm wavelength was also 
demonstrated. Higher efficiency than single pumping method is attributed to the use of 
an additional 1552 nm pump to complement the 800 nm pumping. Apart from that, the 
energy transfer processes can be optimized by modifying the dopants compositions thus 
increase the efficiency of stepwise energy transfer. By pumping the TBF with an 800 
nm pumping excitation, 2 energy transfer processes may occur which are cross 
relaxation and energy transfer from active bismuth to Tm3+ ions. Due to the efficient 
energy transfer, a broadband Amplified Spontaneous Emission (ASE) from TBF was 
proposed. Finally, an all-fiber dual wavelength TBFL operating in the 1900 nm region 
is demonstrated using a single FBG in a ring configuration. A dual wavelength laser 
output is obtained as the polarization controller (PC) orientation is adjusted to balance 
the loss between the two wavelengths. By controlling the intracavity polarization, the 
dual wavelength laser can also be switched to operate in the single-wavelength.  
In the final part of this research work, an all-fiber 1.9 µm Q-switched laser has 
been successfully produced using commercial TDF and TBF as the gain media in a ring 
cavity configuration. Reliable self-starting Q-switched based on graphene saturable 
absorber (GSA) and multi-walled carbon nanotube saturable absorber (MWCNT-SA) 
were observed. Both of the GSA and MWCNT-SA were fabricated in-house. The 
graphene flakes were fabricated using electrochemical exfoliation technique whereas 
MWCNT thin-film was used as received without extra purification process. Both of the 
SAs were fabricated by cutting a small part of the prepared film and sandwiching it 
between two FC/PC fiber connectors, after depositing an index-matching gel onto the 
fiber ends. By using the GSA, a Q-switched fiber laser has been demonstrated using a 
TDF pumped by an 800 nm pump wavelength and the experiment has been repeated 
using a 1552 nm pump wavelength. The V-shaped curve of the pulse duration is 
observed when an 800 nm pump is used which is attributed to the contribution of heat 
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transferred to the GSA initiated by the non-radiative emission from 3H4 to 3F4 level of 
thulium. This curve was not observed when the 1552 nm pump source was used to 
excite the Tm3+ ions due to the absence of non-radiative decay and lattice vibration in 
the system. Unlike the GSA, the MWCNT-SA successfully generated the Q-switching 
for both the TDF and TBF-based gain media. The Q-switched performance comparison 
between TDF and TBF has been made. It is found that the best Q-switched laser 
performance is exhibited by a TBF pumped by a 1552 nm laser in conjunction with the 
use of the MWCNTs-SA. It is proven that the pumping of the TDF using a 1552 nm 
laser excitation enables the possibility to eliminate the accumulated heat in the SA. The 
Q-switched TBFL has the lowest threshold pump power of 106.6 mW using an 800 nm 
pumping excitation. With a 1552 nm laser excitation, Q-switched TBFL based 
MWCNTs pulses have been observed within a wide pump power range of 500 to 800 
mW. The corresponding pulse train has a repetition rate ranging from 22.52 to 61.99 
kHz with a pulse width of 5.6 to 4.0 µs. 
The primary focus on the development of CW and Q-switching fiber laser at 1.9 
µm region has been achieved. Even though several results are not as expected, the 
discussion and analysis of the performances have been carried out. The laser 
performances on the effect of co-doping ytterbium and bismuth to the thulium ions have 
been investigated. The experimental results show that TBFL has better performance 
compared to the commercial TDFL and YTDFL. Although YTDFL has been expected 
to give better lasing performance, several limiting factors have been identified to be the 
reason of poor lasing performance. The successful construction of a passively Q-
switched fiber laser at the 1.9 µm region using in-house fabricated GSA and MWCNTs-
SA facilitates numerous applications in fiber communications and sensor. The findings 
in this work could be used in the future for the development of fiber based sources 
targeting new applications.    
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6.2 Future work 
Up to this point, the objective of this thesis has been fulfilled. However, the 
discussion can be further enhanced by establishing the cross-relaxation, energy transfer 
upconversion (ETU) and excited state absorption (ESA) measurement of the YTDF and 
TBF. These important parameters should be thoroughly studied by means of their 
respective level lifetime of the Tm3+ and active bismuth ions. The understanding of 
these effects and knowledge of the parameters can accurately describe the performance 
of the CW laser. The performance of a fiber can be considerably impaired by undesired 
effects such as unsaturable absorption and ESA. Another important consideration which 
can be taken into account is the fabrication of the double-cladding YTDF. The YTDF 
cannot be pumped experimentally up to the kilowatt power level as usually reported in 
the literature, due to the fiber damage at the splicing point. The relatively high 
numerical aperture (NA) of the pump cladding can be further designed to meet the high 
power applications.  
TBFL is suitable for compact multi-wavelength operation due to the use of the 
significantly shorter TB2 sample as well as its broad emission wavelength. The compact 
device such as Array Waveguide Grating (AWG) which is used as a wavelength slicing 
mechanism may contribute to the multi-wavelength fiber laser generation. Another 
related field of interest to explore is the demonstration of the nonlinear effect such as 
Brillouin fiber laser (BFL) at the 1.9 µm region. The proposed Brillouin pump can be 
seeded by the TBFL or YTDFL, provided that the laser can be tunable in several 
wavelength ranges which can be done by an external filter or a tunable bandpass filter. 
The realization of the fiber laser at 1.9 µm also enables some of the sensor-based 
experiments within the 1.9 µm region to be further studied. Since the 1.9 µm 
wavelength has strong absorption of water and biological tissue, the 1.9 µm fiber laser 
can be proposed as a source for the tissue samples in an experiment.   
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In an attempt to improve pulse laser, the average power and pulse energy of the 
nanosecond pulses can be further scaled up by using power amplifier stage. To realize 
this, a high pump power requirement which implies the use of a Master 
Oscillator/Power Amplifier (MOPA) can be designed. Apart from that, another method 
of implementing pulse laser such as nonlinear polarization rotation (NPR) method can 
be further explored and the performance can be compared with the GSA and MWCNTs 
based SA. Apart from that, upgrading the Q-switched laser to mode locked laser is 
crucial due to their femtosecond pulse laser generation which is widely used in most 
applications. The design of intracavity dispersion management of the laser needs to be 
comprehensively studied in order to achieve femtosecond pulse generation. The 
outcomes from this thesis may provide optimism in facing the future challenges.  
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Abstract
We demonstrate a simple, compact and low cost Q-switched thulium-doped fiber laser (TDFL)
operating at 1844.1 nm by exploiting a graphene based saturable absorber (SA) in conjunction
with 1552 nm pumping. The SA is fabricated by sandwiching the graphene thin film between
two fiber connectors. The thin film was produced by mixing graphene flakes, synthesized by
an electrochemical exfoliation process, with polyethylene oxide (PEO) solution. The TDFL
generates a stable pulse train with 6.73 kHz repetition rate, 11.41 µs pulse width and 90.64 nJ
pulse energy at 513 mW 1552 nm pump power. A higher performance Q-switched TDFL is
expected to be achieved with the optimization of the SA and laser cavity.
(Some figures may appear in colour only in the online journal)
1. Introduction
Q-switched fiber lasers are of great interest because of their
many applications in remote sensing, range finding, medicine,
material processing, and telecommunications [1, 2]. They
can be obtained through active [3] or passive techniques [4].
Compared to the ones derived via active techniques, passively
Q-switched fiber lasers possess attractive advantages of
compactness, simplicity, and flexibility in design. They
have been extensively investigated using various saturable
absorbers such as semiconductor saturable absorber mirrors
(SESAMs) [5], and carbon nanotubes (CNTs) [6, 7]. However,
the fabrication of SESAMs requires very complex and
costly processes. CNT based saturable absorbers (SAs) are
comparatively simple and more cost effective. Unfortunately,
to operate at a particular wavelength, CNTs require bandgap
tuning by controlling their diameters and chirality. Moreover,
the surface tension of CNTs is too large, leading to a low
damage threshold [8].
More recently, novel nano-material graphene has
attracted much attention as it was reportedly used in
broadband functional SAs [9]. This is due to the gapless
linear dispersion of Dirac electrons in graphene which allows
a broadband operation covering the wavelength range from
the visible to the mid-IR. Compared with CNTs, graphene
is expected to have a higher damage threshold due to its
two-dimensional structure [10]. However, until now most
reported works on graphene have focused on mode-locked
fiber lasers [10–13] while graphene Q-switched fiber lasers
were seldom [14–17] investigated. Recent realizations on
Q-switched fiber lasers are mainly on the erbium-doped
fiber lasers operating in the 1.5 µm region [18–20]. For
instance, Luo et al [18] have recently reported a Q-switched
11054-660X/13/115102+05$33.00 c© 2013 Astro Ltd Printed in the UK & the USA
Laser Phys. 23 (2013) 115102 N Saidin et al
Figure 1. Electrochemical exfoliation of the graphene.
erbium-doped fiber laser (EDFL) using an optical deposition
technique.
Thulium-doped fiber lasers (TDFL) operating in the ‘eye-
safe’ wavelength region are useful for various applications, for
example in light detection and ranging (LiDAR), differential
absorption LiDAR, and as pumps for mid-IR generation.
So far, only a few works on the generation of Q-switched
fiber lasers near the 2 µm wavelength region have been
reported. For instance, Wang et al [21] reported a Q-switched
generation with a maximum pulse energy of 69 nJ and a
repetition rate of 26 kHz using a 1560 nm CW laser source and
a graphene based SA. More recently, Jiang et al [22] achieved
a laser with a short pulse duration of 760 ns and a repetition
rate of 202 kHz using graphene transferred to the highly
reflective mirror as the SA. In this paper, a Q-switched TDFL
operating near the 1900 nm region is demonstrated using a
simple and low cost graphene based SA. The graphene is
synthesized by electrochemical exfoliation of graphite at room
temperature in 1% sodium dodecyl sulfate (SDS) aqueous
solution. Graphene flakes obtained from the process are mixed
with polyethylene oxide (PEO) as the host polymer to produce
free standing composite thin film which acts as a passive
Q-switcher in the TDFL ring cavity. The SA is integrated in
the TDFL by sandwiching the graphene thin film between
two fiber connectors, resulting in a stable pulse train with
6.73 kHz repetition rate, 11.41 µs pulse width and 90.64 nJ
pulse energy at 513 mW 1552 nm pump power.
2. Experiment
Figure 1 shows the experimental setup used for producing
graphene flakes from the electrochemical exfoliation process.
As shown in the figure, a constant voltage difference of 20 V
was applied to two graphite rod electrodes, which were placed
1 cm apart in an electrolysis cell filled with electrolyte (1%
SDS in deionized water) to generate hydroxyl and oxygen
radicals. The oxygen radicals corrode the graphite anode and
thus create black sediments (graphene) in the solution due to
the intercalation of anionic surfactant. It was observed that
Figure 2. Experimental setup of the proposed graphene based
Q-switched TDFL.
graphene sheets started to peel off from the anode after several
minutes. The exfoliation process was continued for 2 h to
obtain a stable graphene suspension in the SDS solution. The
stable graphene suspension was centrifuged at 3000 rpm for
30 min to remove large agglomerates. Then, the supernatant
portion of the suspension was decanted. The concentration
of the centrifuged graphene was estimated from the weight
of the suspension used. To prepare the PEO solution, 1 g of
polyethylene oxide (PEO) (Mw = 1000 000 g mol−1) was
dissolved in 120 ml of deionized water. 5 ml of the graphene
suspension was then mixed with 5 ml of the PEO solution
to produce a polymer composite. The composite solution was
dried in petri dishes at 56 ◦C to obtain a graphene/PEO thin
film with 50 µm thickness.
Figure 2 shows the experimental setup of the proposed
Q-switched TDFL using the fabricated graphene/PEO thin
film as a passive Q-switcher. It consists of a 4 m long
thulium-doped fiber (TDF), which is pumped by a 1552 nm
laser via a 1550/2000 nm wavelength division multiplexer
(WDM), an isolator, a graphene film based SA, and a 10 dB
output coupler in a ring configuration. The SA is fabricated
by using a tiny patch of the prepared film (2 × 2 mm2)
and sandwiching it between two FC/PC fiber connectors,
after depositing index-matching gel onto the fiber ends. The
insertion loss of the SA is measured to be around 3.5 dB at
1900 nm. The TDF used has core and cladding diameters of
9 µm and 125 µm respectively and Tm ion absorption of
27 dB m−1 at 793 nm. The high absorption allows the use
of a short active gain medium. An isolator is used to ensure
a unidirectional operation of the laser. The laser output is
obtained via a 10 dB optical coupler located after the graphene
based SA, which channels out about 10% of the oscillating
light from the ring cavity. The optical spectrum analyser
(OSA, Yokogawa, AQ6370B) is used for the spectral analysis
of the Q-switched EDFL with a spectral resolution of 0.02 nm,
whereas the oscilloscope (OSC, Tektronix, TDS 3052C) is
used to observe the output pulse train of the Q-switched
operation via a 460 kHz bandwidth photo-detector (Thor lab,
PDA50B-EC). The total cavity length of the ring resonator is
measured to be around 13.6 m.
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Figure 3. Raman spectrum obtained by 532 nm laser excitation on
the graphene thin film, which indicates that the graphene has a
multi-layer structure.
3. Results and discussion
Raman spectroscopy was performed to confirm the presence
of a graphene layer in the fabricated graphene thin film and
the result is shown in figure 3. In the experiment, a 532 nm
light source was used in conjunction with a charge-coupled
device (CCD) camera as a detector with an exposure time of
10 s. As seen in figure 3, three prominent peaks are observed
at approximately 1351 cm−1, 1617 cm−1 and 2911 cm−1,
which are normally referred to as the D, G and 2D bands,
respectively. The G band contributes to an E2g mode of
graphite and is related to the in-plane vibration of sp2-bonded
carbon atoms, while the D band is associated with the
vibrations of carbon atoms with sp3 electronic configuration
of disordered graphite. The intensity ratio of the D and G
bands of the graphene sheets is about 1.2, indicating the
presence of defects in the graphene samples. The 2D Raman
peaks change in shape, position and relative intensity with the
number of graphene layers applied. The Raman spectroscopy
reveals a broad 2D peak, which indicates the graphene has a
multi-layer structure. In addition, we obtained a G/2D peak
ratio of slightly larger than 2, which further confirmed that we
had multi-layer graphene on the fabricated thin film.
Figure 4 shows the output spectrum of the Q-switched
laser analyzed by an OSA with a resolution of 0.05 nm. In the
absence of the SA in the cavity, the TDFL generates a CW
laser as the pump power is set above the threshold value of
416 mW. The inset of figure 4 shows the output spectrum of
the CW laser at the pump power of 416 mW, which operates
at 1849.5 nm. Once the SA is inserted in the laser cavity, the
laser starts to operate in a passive Q-switching operation as
the pump power is adjusted to 513 mW. The pump threshold
is relatively low compared to that of an SWNT or SESAM
based Q-switched TDFL, mainly owing to a lower saturation
intensity of the graphene. As seen in figure 4, the laser
operates at wavelength 1844.1 nm with the full-width at half
maximum of 0.05 nm limited by the OSA resolution and
signal to noise ratio of about 29 dB. The threshold value is
slightly higher and the operating wavelength shifts to a shorter
Figure 4. Output spectrum of the Q-switched laser.
wavelength by the incorporation of the SA due to the insertion
loss of the SA. As the cavity loss increases, the oscillating
laser shifts toward the peak absorption wavelength of the
thulium fiber, which is near to 1800 nm to acquire more gain
so that it can compensate the additional cavity loss.
Figure 5(a) shows the oscilloscope trace of the Q-
switched pulse train when the pump power is fixed at the
threshold value of 513 mW. There is no distinct amplitude
modulation in each Q-switched envelope of the spectrum,
which means that the self-mode locking effect on the
Q-switching is weak. At 513 mW pump power, a stable
passively Q-switching operation starts to occur with an
average output power of 0.61 mW and a repetition rate of
6.73 kHz. The pulse energy is calculated to be around 90.64 nJ
at this pump power. The pulse energy could be improved
by reducing the insertion loss of the saturable absorber or
by optimizing the laser cavity. Figure 5(b) shows the typical
oscilloscope trace of the pulse envelope at the pump power
of 513 mW. As seen in the figure, the full-width at half
maximum or pulse width was obtained at 11.41 µs. Figure 6
shows the repetition rate and pulse width versus the pump
power. Unlike a mode-locked fiber laser, where the repetition
rate is dependent on cavity length, the repetition rate in a
Q-switched fiber laser varies with pump power. As the pump
power increases, more gain is provided to saturate the SA.
Since pulse generation relies on saturation, the repetition rate
increases with the pump power as shown in figure 6. When
the pump power is tuned from 513 to 539 mW, the pulse train
repetition rate varies from 6.73 to 24.16 kHz. On the other
hand, the pulse width varies from 8.17 to 11.41 µs within the
same pump power range. Further reduction in pulse width is
expected when pump power increases to the point allowable
by the damage threshold of the graphene based SA. A shorter
cavity length using a higher dopant fiber would be an effective
alternative for an even shorter pulse [23].
Figure 7 shows the average output power and pulse
energy of the Q-switched TDFL as functions of pump power.
The output power increases from 0.61 to 1.01 mW as the
pump power is varied from 513 to 539 mW. On the other
hand, the pulse energy reduces from 90.64 to 41.8 nJ as
the pump power is increased within the same pump power
range. These results indicate that graphene has great potential
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Figure 5. (a) The pulse train for the proposed TDFL with multi-layer graphene film based SA at threshold with the repetition rate of
6.73 kHz. (b) Enlarged pulse width spectrum with pulse width of 11.41 µs.
Figure 6. Repetition rate and pulse width as a function of pump
power.
for superior Q-switching and saturable absorption compared
to conventional light absorbing components when carefully
employed in an appropriate laser system. The fabrication
of the SA is also simple and thus the cost of the laser
should be low. The simple and low cost laser is suitable
for applications in metrology, environmental sensing and
biomedical diagnostics.
4. Conclusion
A new all-fiber Q-switched ring TDFL is demonstrated based
on 1552 nm pumping by employing a passive graphene thin
film based SA. The graphene is fabricated via electrochemical
exfoliation of graphite rod in electrolyte at room temperature
and then mixed with polymer to form a free standing film
with a thickness of 50 µm. The thin film is then attached
to the end of a fiber ferrule with the aid of index-matching
gel and connected with another clean fiber ferrule via an
FC connector. The Q-switched TDFL has a threshold pump
power of 513 mW with pulse-repetition-rate-tunable range of
6.73–24.16 kHz, and minimum pulse duration from 8.17 µs.
The TDFL operates at around 1844.1 nm with an average
output of 0.61 mW and maximum pulse energy of 90.64 nJ at
the pump power of 513 mW. The proposed laser is expected
Figure 7. Output power and pulse energy versus pump power.
to have many practical applications in fiber communications
and sensors.
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Thulium Bismuth Co-Doped Fiber Lasers
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Abstract—We demonstrate an efficient fiber laser operating at
1901.6 nm using a new Thulium Bismuth co-doped fiber (TBF)
under 802 nm pumping. The TBF was fabricated using modified
chemical vapor deposition process associated with optimized solu-
tion doping techniques. The TBF lasers at 1901.6 nm are obtained
at a noticeably low threshold pump power of 75–92 mW using two
fiber Bragg gratings in a Fabry–Perot cavity. The highest efficiency
of 42.2% is achieved using a 0.4 m long TBF fiber with a core dopant
concentrations (in wt%) of 0.35 Bi2 O3 , 0.9 Tm2 O3 , 3.0 Al2 O3 and
4.0 GeO2 . Compared to the laser from a commercially available
Thulium-doped fiber, the proposed laser has a significantly higher
efficiency and lower threshold pump power. This is attributed to
the incorporation of Bi ions in the gain medium which helps to in-
crease the 3 F4 population through energy transfer processes. The
maximum output power of 52.7 mW is achieved at the pump power
of 195 mW.
Index Terms—Chemical laser, Fabry–Perot resonators, laser.
I. INTRODUCTION
LASERS in ∼2 μm spectral region have recently gath-ered interest for its various applications into the field
of medicine, defense and spectroscopy [1]–[3]. Traditionally,
these applications utilize holmium-doped crystalline YAG or
YLF lasers which require cryogenic cooling or complex pump-
ing schemes [4]. To overcome these issues, fiber lasers with
kilowatt-level outputs at slightly shorter wavelengths (i.e., 1 to
1.5 μm) have been used as alternatives. 2 μm fiber laser can
be achieved using either Thulium or thulium–holmium doped
fibers as a gain medium [5], [6]. Thulium fiber has a broad emis-
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sion in the wavelength range of 1650 to 2100 nm due to energy
transition of 3F4 → 3H6 and is suitable for lasing at 2 μm region.
Co-doping of Thulium with other elements such as Erbium,
Ytterbium, Terbium and Bismuth has been demonstrated to im-
prove the s-band amplification and 2 μm lasing of Thulium
doped fiber (TDF). For instance, co-doping Thulium–Terbium
in germanate glass was performed by Librantz et al. [7] to
improve amplification in the 1450 nm region, i.e., s-band by
depopulating F4 via energy transfer process from Thulium to
Terbium. Meanwhile, Braud et al. [8] capitalized the energy
transfer from Ytterbium to Thulium to decrease the effective
lifetime of F4 level to generate the 1500 nm laser emission. In
our earlier work, TBF was utilized to improve amplification at
1.9 μm region [9]. Besides cross relaxation process between
thulium ions, TBF also provides effective energy transfer from
bismuth to thulium ions that improves amplification efficiency
at 1.9 μm region. Higher dopant concentration of Thulium ions
can also be achieved in the co-doped fibers since clustering
effect is suppressed by the presence of the co-doping ions.
Previously, many works have been reported on high power
Thulium doped fiber laser (TDFL) and the Thulium-Holmium
doped fiber laser utilizing double-clad fiber to achieve efficiency
of around 47%–68% [10], [11]. However, there is still a lack of
research works on core-pumping TDFL. In an earlier work,
Geng et al. [12] demonstrated highly efficient diode-pumped
fiber laser with 35% slope efficiency and 50 mW output power
operating near 2 μm, which generated from a 2 cm long piece
of highly Tm-doped germanate glass fiber pumped at 805 nm.
In this paper, an efficient TBFL operating at 1.9 μm region is
experimentally demonstrated using a newly developed TBF as
the gain medium for the first time. The co-doped fiber is obtained
from optical preform, which was made using the conventional
modified chemical vapor deposition (MCVD) process in con-
junction with solution doping (SD) technique. The performance
of the proposed TBFL is then compared with the one obtained
using a commercial TDF. The advantage of the proposed TBFL
is that it operates in eye-safe wavelength region with signifi-
cantly lower pump power threshold compared to commercial
TDF, where permissible free space transmission intensity can
be several orders of magnitude greater than 1 μm. The novelty
of this work lies on the use of core pumping silica fiber to pro-
duce a single mode laser output with high efficiency and low
threshold by using a relatively short gain medium.
II. FABRICATION AND CHARACTERIZATION OF THE TBF
The TBF was fabricated from a lithium–alumino–germano–
silicate core glass optical preform co-doped with Tm and Bi ions
1077-260X © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. EPMA plot of dopants showing a distribution of Bi2 O3 , Tm2 O3 ,
Al2 O3 , and GeO2 for TB2 sample.
using fiber drawing tower. The optical preform is fabricated
through conventional MCVD process, followed by optimised
SD technique. In the MCVD process, at first a pure silica glass
tube with inner/outer diameter of 17/20 mm is mounted at lathe.
Then the tube was collapsed by applying a high temperature of
2180 ◦C until its outer diameter reduces to ∼15 mm. After that
a single porous unsintered SiO2-GeO2 soot layer is deposited
inside a silica glass tube. The deposition process was carried
out at temperature around 1420–1475 ◦C. Then the unsintered
layer inside the tube was immersed into an alcoholic solution
of TmCl3 , Bi(NO3)3 , Al(NO3)3 , LiNO3 and 5∼% HNO3 us-
ing a ‘U’ tube SD set up and kept for about 45 min to achieve
uniform soaking. After the SD, the glass undergoes dehydration
and oxidation processes at temperature around 900–1000 ◦C.
The next process is sintering of the un-sintered layers by gradu-
ally increasing the temperature from 1500 to 2000 ◦C. After the
oxidation and sintering processes, the tube is slowly collapsed
to transform it into transparent optical preform. A spool of bare
TBF sample coated with normal poly-acrylate resin for protec-
tion, is obtained by drawing of the preform at 2050 ◦C at fiber
drawing tower.
Three TBF samples (TB1, TB2 and TB3) are fabricated for
demonstration of TBFL operating at 1.9 μm region. Electron
probe microscopic analysis (EPMA) is carried out for all sam-
ples to determine the dopant concentrations into the core glass.
Fig. 1 shows the dopant concentration distribution plot obtained
from the EPMA for TB2 preform sample. As shown in Fig. 1,
the composition of the core-glass consists of Bi2O3 , Tm2O3 ,
Al2O3 and GeO2 . The dopant concentrations (in wt%) are 0.35
Bi2O3 , 0.9 Tm2O3 , 3.0 Al2O3 and 4.0 GeO2 , which corre-
spond to Bi and Tm ratio (Bi:Tm) of 1: 2.5. The contribution
of Li2O can’t obtain by EPMA as it exists beyond the lower
element limit of EPMA. Aluminium is used to increase the re-
fractive index (RI) of the core compared to the cladding and to
improve the solubility of the dopant material [8]. The profile
of the fabricated preform was analyzed by a preform analyzer
(model PKL2600, Photon Kinetics) and the generated RI pro-
file is shown in Fig. 2. From the profile plot, the RI difference
between the core and cladding can be obtained to calculate the
Fig. 2. Plot of RI profile for the TB2, Tm-Bi co-doped preform, which is used
to fabricate TBF (TB2).
TABLE I
DOPING CONCENTRATION AND PHYSICAL CHARACTERISTICS
OF THE FABRICATED TBF SAMPLES
Fig. 3. Absorption spectrum of TB2 measured using a cut-back method.
numerical aperture (NA) of the fabricated fiber. A dip at the
center of the RI profile can be observed which we believed to
be affected the laser’s performance. Single mode pump have the
highest intensity in the middle of the core. If the RI profile of the
fiber does not have the dip, the Tm3+ ions at the center of the
core may interact with higher pump intensity producing higher
intensity laser [13]. However, the imperfection leaves the Tm3+
ions populating outer regions of the core interacting with lower-
intensity pump. The glitch may have cost us the laser efficiency.
The details of the three samples are summarized in Table I.
The absorption spectrum of TB2 is also investigated using cut-
back method and the result is shown in Fig. 3. The absorption
bands of the TBF are obtained at 465, 680, 785, 1205, and
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Fig. 4. Experimental setup for lasing experiments.
Fig. 5. ASE spectra for different TBF samples at the fixed 802 nm pump
power of 25 mW. Inset shows the comparison of the ASE emission between
TBF sample (TB2) and the commercial TDF.
1650 nm. It has peak attenuation of 239 dB/m at 785 nm, which
is much higher than that of a commercial TDF. Since 785 nm
pump laser is not commercially available, in this work, the
802 nm pump wavelength was used instead as it is the closest
that we can get to 785 nm.
III. EXPERIMENTAL SETUP
The configuration of the proposed 1.9 μm laser with the fab-
ricated TBF as the gain medium is shown in Fig. 4. It employs
two FBGs operating at the centre wavelength of 1901.6 nm to
establish linear laser cavity. They have reflectivities of 99.6%
and 50% with the corresponding 3 dB spectral width of 1.5 and
0.6 nm respectively. The TBF is pumped using a 802 nm laser
diode at the 99.6% FBG port and the output laser is taken out
from the 50% FBG port. The output spectrum and intensity of
the laser are monitored by using an optical spectrum analyzer
(OSA) and power meter (PM) respectively. The performance
of the 1.9 μm fiber laser is also investigated by replacing the
TBF with a commercial Thulium-doped fiber (Nufern, TDF) for
comparison. The core diameter of the commercially available
TDF is 9 μm while its NA and Thulium ion concentration are
0.15 and 0.25 wt.% accordingly.
IV. RESULTS AND DISCUSSION
The ASE spectra of TB1, TB2 and TB3 samples under 802 nm
excitations are investigated and the result is summarized in
Fig. 5. In the experiment, the pump power and TBF length were
Fig. 6. Performance comparison for three different gain media of TB1, TB2,
and TDF.
fixed at 25 mW and 1 m, respectively. As shown in Fig. 5, an
apparent emission of the Tm: 3F4 to 3H6 transition at 1900 nm
is observed for all TBF samples. It is also observed that TB2
exhibits the highest ASE power emission of around−51.6 dBm
having centre at 1881 nm region. This is due to the high Tm3+
concentrations in the fiber compared with other samples as in-
dicated in Table I. The peak ASE powers of TB1 and TB3 are
obtained at −54.2 and −58.7 dBm, respectively. With TB2 as
the gain medium, the 3 dB bandwidth of the ASE spectrum cov-
ers from 1801 to 1962 nm while 10 dB bandwidth covers the
range from 1724 to 2076 nm as depicted in Fig. 5. Another peak
observed at 2050 nm region is associated with the characteristics
of the 802 nm source pump that exists even without the use of
the gain medium. Inset of Fig. 5 compares the ASE of TB2 with
the commercial TDF (Nufern) under 802 nm excitation when
the fiber length and pump power are fixed at 1 m and 25 mW,
respectively. As shown in the inset figure, both fibers gener-
ate almost similar ASE spectrum centred at 1880 nm. With the
TBF, the ASE spectrum is higher by 5 dB compared to that of the
commercial TDF. This is attributed to the Thulium ion concen-
tration, which is higher in TB2 (0.9 wt%) compared to the TDF,
which has a Thulium ion concentration of around 0.25 wt%.
The observed emission at 1470 nm is appeared due to the active
Bi: 3P1 to 3P0 transition as shown in the inset of Fig. 5. This
confirms the occurrence of the energy transfer from active Bi to
Tm3+ ions.
The lasing experiments were carried out for all TBF samples
and the commercial TDF. The lasing was achieved at l.9 μm for
all fibers except for TB3. The optimized fiber lengths for TB1,
TB2 and TDF are 3.0, 0.4, and 2.0 m, respectively for max-
imum efficiency of the laser generation. The experiment has
been carried out using several other TDF lengths pumped by
802 nm wavelength excitation with the maximum input power
of 200 mW, however no lasing has been observed due to in-
sufficient pump to reach the threshold power. Fig. 6 shows the
relationship of the output power against the pump power at the
optimized fiber lengths for three different gain media (TB1,
TB2 and TDF). As seen in the figures, the slope efficiencies of
31.0, 42.2 and 9.0% are obtained for the laser of TB1, TB2 and
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Fig. 7. Output power of the proposed TBFL against the pump power at differ-
ent TBF (TB2) lengths. Inset shows the attenuated output spectrum of the laser
at the maximum pump power.
TDF, respectively. Compared to the TDF, both TBFs produce
laser with a higher efficiency at a significantly lower threshold
pump power. The threshold pump power for both TBFLs are
observed to be around 75–92 mW, which is much lower than
the threshold pump power of the TDFL (177 mW). The opti-
mum length is so much shorter for TB2 compared to that of TB1
since the Thulium ion concentration in TB2 is 3 times as high.
High thulium doping concentration in TB2 increases the effi-
ciency of stepwise energy transfer such that the optimum length
for lasing is comparatively shorter. To avoid clustering from the
high concentration of rare earth ion, aluminium is added as host
modifiers [14]. It also helps to reduce phonon energy of the
core glass in the fiber, thus increases the probability of radiative
emission and improves lasing efficiency.
Fig. 7 shows the relationship of the output power against the
pump power at different TBF lengths. The figure shows that the
efficiency of the laser increases from 13.7% to 42.2% as the
length of the gain medium reduces from 1.5 to 0.4 m. At the
optimal length of 0.4 m a maximum output power of 52.7 mW
is achieved at the pump power of 195 mW. The proposed laser
performance is higher by 7% in efficiency and 2.7 mW higher in
output power in comparison to the work of Geng et al. [12]. Inset
of Fig. 7 shows the attenuated output spectrum of the TBFL at
the optimum length of 0.4 m when the 802 nm pump is fixed at
195 mW. The laser operates at 1901.6 nm, which corresponds to
the center wavelength of both FBGs. Its signal to noise ratio is
more than 50 dB while its 3 dB bandwidth is less than 0.02 nm
(limited by the OSA resolution). It is also observed that the peak
wavelength of the residual pump (802 nm) is about 17 dB lower
than the peak power of the lasing wavelength (1901.6 nm). This
indicates that the output power measured by a PM is mainly
contributed by the lasing wavelength. The efficiency of the laser
is observed to drastically decrease as the TBF length reduces
below 0.4 m. In addition, the ratio of residue pump/output power
is approximately 0.58 at 0.4 m. As the fiber length becomes
shorter, it is observed that the residual pump power is higher
than the peak laser power.
By pumping the TBF, both thulium and active bismuth ions
are excited to the upper level. As shown in Fig. 8(a), thulium
Fig. 8. Three possible energy transitions in TBF under 792 nm pumping
involving (a) only Tm3+ , (b) cross relaxation between Tm3+ , and (c) energy
transfer from Bi3+ to Tm3+ .
ion will be excited to 3H4 level as it absorbs the pump photon.
Then it decays non-radiatively twice so that it can occupy the
3F4 level that has longer lifetime. From the 3F4 level it will drop
to the ground state (3H6) while emitting at 1.9 μm. Since the
thulium ion doping concentration in this fiber is relatively high,
Tm-Tm cross relaxation may occur [see Fig. 8(b)]. Thulium
ion in ground state absorbs 802 nm photons such that it is
elevated to 3H4 level. When the ion in this level de-excites to
3F4 , instead of emitting at 1.47 μm, the energy is transferred
to nearby thulium ion. The ion that resides in the ground state
absorbs the donated photon to occupy the upper 3F4 level which
acts as metastable laser level. Both ions then drop to the ground
state while emitting the 1.9 μm photons. With each absorbed
pump photon, two 1.9 μm photons are produced, as shown in
Fig. 8(b). On the other hand, active bismuth ion absorbs the
pump photon in order to occupy the excited state of 1S0 . The
Bismuth ion then decays irradiatively while dropping to 3P1
level. From the 3P1 level the ion will descend to ground state
and emits at 1.45 μm. Fig. 8(c) demonstrates three possible
energy transfer mechanism that may occur in this fiber. As the
bismuth ion drops to the ground state from 3P1 state, it donates
its energy to a nearby thulium ion. The thulium ion got elevated
from the ground state to 3F4 level before it emits at 1.9 μm. The
second possible transition is, the thulium ion is excited from
3H6 to 3H5 level instead, only then it will relax non-radiatively
to 3F4 level. The ion will de-excite to ground state emitting at
1.9 μm. The final possible electronic transition is for the nearby
thulium ion from 3F4 to 3H4 . The ion then drops to 3F4 level
while emitting at 1.47 μm. Two out of three energy transfer
process help to increase the 3F4 population and thus improves
the laser efficiency compared to the conventional TDFA.
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Compared to the TDFL, the proposed TBFL has shown a
significantly higher efficiency due to various factors such as
doping concentration and the assistance from cross relaxation
and energy transfer process. The thulium ion concentration is
higher in the TBF (0.90 wt.% in TB2) than the TDF, which has
a Thulium ion concentration of around 0.25 wt%. The higher
dopant density is possible due to the incorporation of Bismuth
ions in the fiber. The Bi ions also help to increase the 3F4
population and thus improve the efficiency of the laser through
energy transfer processes. As also shown in Fig. 7, the pump
power threshold for the proposed laser is around 92 mW for
1 m and 0.4 m TB2. As the longer length is used (1.5 m), the
lower threshold 75 mW is obtained. This is due to the higher
population inversion at low pump power for the longer TBF.
In general, these thresholds are significantly lower than that
of the TDFL, which is around 177 mW. The incorporation of
active bismuth ions improves the population inversion by the
energy transfer process. Other TDF lengths failed to exhibit
any laser radiation. Failure to generate any laser at the other
TDF lengths was due to insufficient input pump power to excite
enough Tm3+ ions to the upper state level so that it can create
a sufficient population inversion to compensate all the losses in
the cavity. The performance of both TBFL and TDFL in terms
of threshold and efficiency is expected to improve significantly
where the pump operated at the optimum wavelength of 785 nm.
The proposed TBFL could be scaled up in power if higher input
pump power in 785 nm is available and better heat management
is taken into account.
V. CONCLUSION
An efficient TBFL is demonstrated using a newly developed
TBF under 802 nm pumping. The laser operates at 1901.6 nm
with a lasing efficiency of 42.2% using 0.4 m long TBF with
core dopant concentrations (in wt.%) of 0.35 Bi2O3 , 0.9 Tm2O3 ,
3.0 Al2O3 and 4.0 GeO2 in conjunction with a Fabry-Perot
cavity with two FBGs. The efficiency is higher than that of the
conventional TDFL due to the incorporation of Bi ions in the
gain medium, which help to increase the 3F4 population. It is
found that the pump power threshold of the proposed TBFL is
significantly lower (75–92 mW) compared to the laser with a
commercial TDF. The maximum output power of 52.7 mW is
achieved at the pump power of 195 mW.
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Abstract: A broadband amplified spontaneous emission (ASE) generation in 1880-nm
region is demonstrated by employing a newly developed single-mode Tm–Bi codoped fiber
(TBF) in conjunction with 793-nm pumping for the first time. The TBF was obtained by
drawing a preform, which was fabricated using a deposition of porous layer by the modified
chemical vapor deposition (MCVD) process in conjunction with solution doping technique.
The highest Bi3þ and Tm3þ concentrations of 0.35 wt.% and 0.9 wt.%, respectively, were
successfully achieved to generate ASE centered at 1880-nm region. The ASE peaked at
47.2 dBm with 3-dB spectral width ranging from 1817 to 1984 nm with 1.0-m-long TBF and
200-mW 793-nm pump power, which was generated due to the transition of thulium ions
from 3F4 to 3H6 with some assistance from bismuth to thulium ion energy transfer. The use
of a secondary pump of 1550 nm is also shown to improve the ASE generation.
Index Terms: Bismuth–thulium codoped fiber, modified chemical vapor deposition (MCVD),
1.8-micron ASE source.
1. Introduction
Fiber amplified spontaneous emission (ASE) light has a broadband spectrum and can be thus used
as a broadband light sources. It is developed using the emission characteristics, which depend on the
energy structure of dopant ions in the glass host and pumping wavelength. The pump laser energizes
the dopant ions so that spontaneously emitted light from one ion propagates along the fiber where it is
amplified by the gain properties of the fiber and emitted as the ASE. Light is emitted in both forward
and backward directions, relative to pump direction, but the backward ASE, or counter-pumped
direction, has a higher quantum efficiency and is normally selected as the source output. Unlike
lasers, ASE sources do not rely on optical feedback, and thus, the full-width half-maximum (FWHM)
bandwidth of the backward ASE is generally very broad, typically greater than 10 nm. The most
common fiber ASE source comprises a single-mode pump that energizes a length of Er-doped single-
mode silica fiber, typically in tens ofmeter, to emit at 1550 nm [1], [2]. Recently, ASE sources operating
around mid infrared spectral region have gained tremendous interest for possible applications in
spectroscopy, gas sensing, low-coherence interferometer, andmedical imaging via optical coherence
tomography. Currently, commercial light-emitting diodes (LEDs) and semiconductor lasers operating
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inmid-infrared region are normally used for these applications. However, themain drawbacks of these
sources are its stability, which is strongly dependent on temperature, high coupling loss when
connected to standard single mode fibers, and fabrication cost.
Thulium and thulium–holmium doped fibers have been demonstrated to be prospective can-
didates for laser systems operating at around 1900 nm [3], [4]. thulium fiber has a broad ASE
between 1650 nm and 2100 nm from transition of 3F4 ! 3H6 and is therefore suitable to be a
broadband ASE source. In this paper, ASE generation in the 1900-nm waveband is demonstrated
using a Tm–Bi codoped fiber (TBF) as a gain medium for the first time. The TBF is obtained by
drawing a preform, which was fabricated using a deposition of porous layer by the modified
chemical vapor deposition (MCVD) process in conjunction with solution doping technique.
2. Fabrication and Characterization of Tm–Bi Codoped Optical Fiber
The Tm and Bi codoped lithium-alumino-germano-silicate (LAGS) core glass optical preform was
fabricated by the MCVD process, followed by solution doping technique. A pure silica glass tube with
outer/inner diameter of 20/17 mm was used for deposition of a single porous unsintered SiO2-GeO2
soot layer tomake the preformwhilemaintaining a suitable deposition temperature at around 1420 C–
1475 C with the help of a single-wavelength online IR Pyrometer with an accuracy of 5 C.
Before the deposition of the unsintered layer, the outer diameter of the tube was reduced to 15 mm
by using a standard collapsing technique at a temperature around 2180 C. This step reduced the
inner surface of the tube as well, and thus, it helped reduce the loss of bismuth glass due to the
thermal decomposition reaction of Bi2O3 at the timeof collapsing. It is reported that Bi2O3 molecules are
converted to volatile BiO and move out of the deposited core layer during sintering and collapsing [5].
Then, an alcoholic solution of TmCl3, BiðNO3Þ3, AlðNO3Þ3, LiNO3, and 5% HNO3 was used to soak
the porous layer with for about 45 min to achieve efficient doping. After the completion of solution
soaking, dehydration and oxidation processes were performed at temperature around 900 C–
1000 C. Sintering of unsintered layers was carried out using the conventional MCVD technique by
slowly increasing the temperature from 1500 C to 2000 C. Following the completion of sintering as
well as oxidation, the tube was slowly collapsed to transform it into optical preform. The fabricated
preform was then drawn at temperature of 2050 C into a spool of optical bare fiber before it was
coated with a low refractive index (1.379) polymer resin.
Three TBF samples (TB-a, TB-b, and TB-c) were fabricated for the broadband ASE generation at
1900-nm region. The cross-sectional view of one of the TBF sample (TB-a) is shown in Fig. 1. As
shown in the figure, it has a circular cladding with the core and cladding diameters of 6.90 m and
124.75 m, respectively. The distribution pattern of dopants inside the core of the fiber is also
Fig. 1. Cross-sectional view of TB-a sample.
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investigated for all samples. Fig. 2 shows the distribution plot obtained from the electron probe
microscopic analysis (EPMA) for TB-a. As shown in Fig. 2, the dopant concentrations (in wt.%) and
compositions inside the core for TB-a are 0.15 Bi2O3, 0.3 Tm2O3, 1.0 Al2O3, and 12.0 GeO2, which
correspond to Bi and Tm ratio (Bi:Tm) of 1 : 2. The profile of the fabricated preform was also
analyzed by a preform analyzer (PKL 2600, Photon Kinetics, USA), and the generated refractive
index profile is shown in Fig. 3. From the profile plot, the RI difference between the core and
cladding can be obtained to calculate the numerical aperture (NA) of the fabricated fiber. The
characteristic details of the three samples are summarized in in Table 1.
3. ASE Characteristics
The proposed ASE source consists of a piece of 1-m-long TBF sample, which is forward pumped by
a 793-nm laser diode at 200-mW pump power. In the experiment, 793-nm pump laser was used
because it operates at one of the most efficient Tm3þ and Bi3þ absorption wavelength. Furthermore,
it is easily available and cheap. The ASE emission was investigated for three different fabricated
samples, as shown in Fig. 4. As seen in the figure, all three fibers emit broadband ASE at 1880-nm
region. This is attributed to the 973-nm pumping, which excites both Tm3þ and Bi3þ from the ground
Fig. 2. EPMA plot of dopants showing a distribution of Bi2O3 and Tm2O3 for TB-a sample. Inset shows
the distribution of Al2O3 and GeO2.
Fig. 3. A plot of RI profile for the Tm–Bi codoped preform, which is then used to fabricate TB-a.
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state to the higher energy levels of 3H4 and 1S0, respectively. Then, the Tm
3þ ions decay to 3F4 to
create a population inversion between 3F4 and 3H4 levels of the Tm
3þ, which generates
spontaneous emission at around 1900-nm region. After a fast decay into 3P2 then to 3P1 level, the
Bi3þ ions transfer their energy to the Tm3þ ions via multipolar interactions. Immediately after this
energy transfer, the Tm3þ ions move from 3H5 to 3F4 energy level through rapid multiphonon
relaxations. This improves the amplification and ASE generation at around 1900-nm region.
Another peak observed at 2050-nm region is the third-order generation light from the 793-nm laser
diode. As shown in Fig. 4, TB-b exhibits the ASE power with the highest output peak of 47.2 dBm
centered at 1880-nm region. The peak ASE powers of TB-c and TB-a are obtained at 51.3 dBm
and 58.3 dBm, respectively. This is attributed to the gain medium of TB-b, which has the highest
Tm3þ and Bi3þ concentrations compared with other samples. Using TB-b, the 3-dB bandwidth of the
ASE spectrum covers from 1817 nm to 1984 nm, while 10-dB bandwidth covers from 1769 nm to
2078 nm, as depicted in Fig. 4.
Fig. 5 shows the ASE spectra of the different lengths of TB-b under 793-nm wavelength
excitation when the pump power is fixed at 200 mW. In the experiment, the gain medium length
was varied from 0.5 to 2.5 m. As seen in the figure, the power of the broadband ASE spectrum
rises drastically as the TB-b length increases from 0.5 m to the optimum length of 1.0 m. This is
attributed to the additional Tm3þ and Bi3þ from the longer length, which can absorb more pump
power and emit stronger ASE light. However, the ASE power drops as the gain medium length is
further increased due to saturation effect. The unused Tm3þ and Bi3þ will absorb the 1880-nm ASE
and reduces the output power of the ASE spectrum. It is also observed that the peak ASE
wavelength is shifted to a longer wavelength as the TB-b length increases from 1.0 m to 2.5 m. This
is attributed to the shorter wavelength ASE being absorbed by the unused Tm3þ and Bi3þ and
emitted at a longer wavelength and thus shifts the peak wavelength to a longer wavelength. The
TABLE 1
The doping concentration and physical characteristics of the fabricated TBF samples
Fig. 4. ASE spectra at different TBF samples at the fixed 793-nm pump power of 200 mW.
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inset in Fig. 5 compares the ASE spectrum obtained at two different pumping powers of 100 mW
and 200 mW when TB-b is fixed at 1.0 m. It is observed that the ASE spectrum power increases
with the pump power. Further increase of pump power is expected to further raise the attainable
power of the ASE spectrum.
The effect of a secondary pump of 1550 nm on the performance of the ASE spectrum was also
investigated. Fig. 6 shows the ASE spectrum of the TB-b with and without a secondary pump of
1550 nm when the primary pump of 793 nm is fixed at 100 mW. As seen in the figure, the ASE
power is increased by more than 10 dB at 1850-nm region as the 500-mW secondary pump is
injected into the gain medium. This is due to the Tm3þ excitation to 3F4 level, which enhances the
population inversion and thus increases the output intensity of the ASE via 3F4 ! 3H6 transition,
particularly at 1850-nm region.
4. Conclusion
ASE generation in a newly developed TBF has been demonstrated, which operates at 1880-nm
region with 793-nm pumping. The gain medium has been drawn from a preform, which has been
fabricated using an MCVD and solution doping processes. The fabricated TBF has the highest Bi3þ
and Tm3þ dopant concentrations of 0.35 wt.% and 0.9 wt.%. The TBF has been forward pumped by
a 793-nm single mode laser to generate ASE peaking at 47.2 dBm with 3-dB spectral width
ranging from 1817 to 1984 nm. The ASE generation is due to the transition of thulium ion from 3F4 to
3H6 and enhanced by energy transfer from Bi
3þ to Tm3þ. The ASE can be also improved by
injecting a secondary pump at 1550 nm.
Fig. 6. ASE spectrum with and without 500 mW of 1550-nm pumping when the primary pump of 793 nm
is fixed at 100 mW.
Fig. 5. ASE spectra at different TB-b lengths at the fixed 793-nm pump power of 200 mW. Inset shows
the ASE spectrum obtained with 1-m-long TB-b at two different 793-nm pump powers.
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Abstract: A lasing action from a newly developed double-clad
Tm3+/Yb3+ co-doped yttria-alumino-silicate ﬁber (TYDF)
is demonstrated based on cladding pumping technique. The
TYDF used was drawn from D-shape preform, which was fab-
ricated using a modiﬁed chemical vapor deposition (MCVD)
process in conjunction with a solution doping technique. The
Tm3+and Yb3+ ions concentrations in this ﬁber are 5.55×1019
and 15.52×1019 ions/cc, respectively. The ﬁber laser operates
at wavelength of 1948.4 and 1947.2 nm with pump power
thresholds of 0.6 and 1.0 W for 915 and 940 nm pumping,
respectively. The maximum output power of 10.5 mW was
achieved with the 915 nm pumping at the maximum pump
power of 1.5 W. It is found that the laser is more efﬁcient with
915 nm pumping compared to 940 nm pumping.
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1. Introduction
2 μm thulium and thulium-pumped holmium laser sources
are of interest for many application in the scientiﬁc, de-
fense and medical ﬁelds [1–5]. The 2 μm radiation has
a strong absorbtion in water and biological tissues and
thus these lasers have a number of potential applications in
the medical ﬁeld. Incisions in porcine tissue and chicken
breast have been recently demonstrated with a 1.98 μm
continuous wave Tm-doped ﬁber laser (TDFL) [6,7]. Also,
the penetration depth of 2 μm laser radiation matches with
the subcutaneous depth of the pain nerve receptors in the
skin such that the 2 μm laser makes an near-ideal source
for experimental pain research as the damage on the skin
surface can be minimized [8]. Recently, tissue interactions
with a Q-switched TDFL have been reported [9].
The TDFL uses thulium-doped ﬁber as a gain medium,
which exhibits a signiﬁcant advantage over other rare-
earth ions in that the slope efﬁciency can exceed the Stokes
limit [10–13]. They can efﬁciently pumped at ∼ 790,
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∼ 1200, or∼ 1600 nm [14–17]. A quantum efﬁciency near
2 μm can be achieved for thulium ions’ 3F4→ 3H6 transi-
tion because of the so-called cross-relaxation energy trans-
fer between thulium ions. During the cross-relaxation en-
ergy transfer process, two ground-level thulium ions can
be excited to the upper lasing level of the 3F4→ 3H6 tran-
sition by absorbing only one pump photon near 790 nm,
which means one excited Tm3+ ion at the 3H4 level gen-
erates two Tm3+ ions at the 3F4 upper laser level [18].
However, the availability of high-power diodes in this
wavelength range is relatively poor as well as very costly.
Pumping TDFs at 1200 or 1600 nm is complicated by the
need for an intermediate laser source, since high-power
laser diodes are not commercially available at this wave-
length.
An alternative approach is to co-dope with Yb3+ and
pump at 910 – 980 nm. Tm3+ has a level (3H5), which is
(quasi-) resonant with the excited Yb3+-level (2F5/2), al-
lowing for the possibility of sensitization of TDFs with
Yb3+ , similar to the case of ytterbium erbium doped ﬁber
[19–20]. In this paper, a thulium ytterbium co-doped ﬁber
laser (TYDFL) is demonstrated by using a newly devel-
oped double-clad Tm3+/Yb3+ co-doped alumino-silicate
ﬁber (TYDF) as a gain medium. The TYDF is obtained
by drawing a D-shape preform, which has been fabricated
using a deposition of porous layer by the modiﬁed chemi-
cal vapor deposition (MCVD) process in conjunction with
solution doping technique. In this TYDF, pump energy is
absorbed by the Yb3+ ions and is then transferred non-
radiatively to the Tm3+ ions, which emit light in the 2 μm
wavelength range.
2. Fabrication of TYDF
TYDF used in this experiment is drawn from a pre-
form, which was fabricated using the MCVD and so-
lution doping techniques. The core of the preform is a
combination of alumino silicate and yttrium alumino sil-
icate fabricated through the deposition of multiple porous
phosphosilicate layers at several deposition temperature
and varied pre-sintering temperatures. This large core
is then doped with solution doping technique using a
suitable strength of dopants precursor. In the solution
doping process, phosphosilicate layer is soaked into a
suitable strength of alcoholic solution of YbCl3·6H2O,
TmCl3·6H2O, AlCl3·6H2O and YCl3·6H2O to incorpo-
rate the dopants. All co-dopants that are present in the so-
lution go into the silica glass matrix during the sintering
stage after the solution soaking process. During collaps-
ing process, the core glass is phase separated into silica
rich and silica deﬁcient areas (Fig. 1) so that it forms a
glass matrix with a combination of Tm2O3 and Yb2O3
doped yttria alumino rich and deﬁcient phase-separated
silica glass matrix. From energy-dispersive X-ray (EDX)
analyzes Yb3+ and Tm3+ ions are found to be present
in both regions. The concentration level of doping ions
500 nm
Figure 1 (online color at www.lphys.org) Scanning electron mi-
croscope picture of the core region of Tm2O3 and Yb2O3 co-
doped yttria-alumino silica glass based optical preform
is controlled through the change of porosity of unsintered
SiO2 layer by manipulating the temperature, time of soak-
ing and concentration levels of components in the solution.
Such silica glass matrix is then fabricated into a
double-clad D-shaped ﬁber. As opposed to the conven-
tional single mode ﬁber where the pump light is coupled
directly into the core, the pump light travels down the
ﬁber in the ﬁrst cladding and get absorbed by the dopants,
in this case the Yb ions when it overlaps with the core.
The D-shape geometry of the cladding improves the pump
absorption and furthermore it is cheaper to be fabricated
compared to other geometries such as hexagonal and rect-
angular. Al ions introduced into the host network act as a
silica network modiﬁer to lower the host’s phonon energy.
Low phonon energy in host network will decrease non
radiative loss due to multiphonon relaxation during elec-
tronic transition of 3H4 to 3H5 level for Tm ions, increas-
ing blue emission intensities, which is a radiative emis-
sion. Al ions also deter clustering by distributing the rare
earth ions homogenously. Tm ions have a tendency to clus-
ter together especially at high doping concentrations and
thus preventing lasing to occur due to Tm-Tm ions energy
transfer. Adding a modiﬁer into the silica network to lower
its phonon energy have its drawbacks as it affects the host’s
environment with poor mechanical, thermal and chemical
stability. Thus, a good compromise between lower phonon
energy and the host’s environment stability must be taken
into consideration for efﬁcient device operation. Yttrium
oxide is chosen only to maximize the probability of lasing
by decreasing phonon energy of glass host.
The distribution of the dopants along the whole diam-
eter of the fabricated TYDF preform sample is analyzed
using an electron probe micro-analyzer (EPMA). The pol-
ished preform sample of thickness 2.1 mm is analyzed
with the maximum spatial resolution of 30 μm after ap-
plying thin graphite coating layer for elemental distribu-
c© 2011 by Astro Ltd.
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Figure 2 (online color at www.lphys.org) Schematic diagram of
the experimental setup for the proposed TYDFL. Inset shows the
microscopic view of the D-shaped TYDF cross-section
tion along the diameter of the central core. From EPMA
results, it was found that the fabricated ﬁber has a core
composition of Al2O3 –Y2O3 –Tm2O3 –Yb2O3 with the
doping levels of Tm3+ and Yb3+ ions are measured to be
around 5.55×1019 and 15.52×1019 ions/cc, respectively.
NA and core diameter of the fabricated TYDF are mea-
sured to be 0.26, and 17.5 μm, respectively.
3. Experiment
The experimental setup of the proposed TYDFL is de-
picted in Fig. 2. It consists of a piece of the fabricated
TYDF as a gain medium, a multimode combiner and a
10 dB output coupled to the optical spectrum analyzer
(OSA). Inset of Fig. 2 shows the cross section of the
double clad TYDF with D-shape structure and an inner
cladding diameter of around 100 μm. The TYDF length
is ﬁxed at 1 m, which optimized with the pump power. A
915 nm laser diode pump is coupled into the TYDF via
the multimode combiner. The pump source is a multimode
laser diode (LD) with a center wavelength of 915 nm. The
pump light is coupled into the YDF through a multimode
coupler. The ampliﬁed spontaneous emission (ASE) light
oscillates in the ring cavity to generate laser at 2.0 μm re-
gion. The output of the TYDFL is tapped out using a 10 dB
output coupler, which allows 90% of the light to oscillate
in the cavity laser and characterized by the OSA with a
resolution of 0.015 nm. The experiment is repeated using
other pump wavelengths of 940 and 980 nm for compari-
son purpose. This laser device contains no adjustable parts
and can only be controlled externally by the amount of
pump power that is injected.
Fig. 3 shows the output power of the proposed TYDFL
against the launched pump power for two different pump
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Figure 3 (online color at www.lphys.org) Laser output power at
∼ 1940 nm against the input pump power. Inset shows the attenu-
ated output spectrum of the TYDFL with 980 nm pumping when
the input pump power is ﬁxed at 1.3 W
wavelengths of 915 and 940 nm. As shown in the ﬁgure,
lasing starts at a different threshold power depending on
the TYDF lengths and the laser output is observed to lin-
early increase with the launched pump power. The thresh-
old pump powers are obtained at 0.6 and 1.0 W with 915
and 940 nm pumping, respectively. A maximum output
power of 10.5 mWwas achieved with the 915 nm pumping
at the maximum pump power of 1.5 W. The laser output
showed no evidence of roll-over even at the highest output
power, which was limited only by available pump power.
There was no evidence of any power limitation due to non-
linear scattering, nor was any stimulated Raman scattering
observed. Inset of Fig. 3 shows the output spectrum of the
attenuated laser with 980 nm pumping. However, there is
no lasing occurred as shown in the inset ﬁgure. The slope
efﬁciency of 1.14% is obtained with 915 nm pumping,
which is so much higher than that of 940 nm pumping. The
slope efﬁciency is only 0.11% with 940 nm pumping. This
shows that the absorption and emission cross sections of
the fabricated TYDF is higher in 915 nm compared to that
of two other wavelengths. The low output power mainly
due to the cladding pump that provides insufﬁcient absorp-
tion of a pump light as well as the un-optimized ﬁber’s
fabrication process.
Fig. 4 shows the output spectrum of the TYDFL at dif-
ferent pump wavelength with the input pump power of
1.1 W. Inset of Fig. 4 shows the ASE spectrum, which
is obtained by pumping the TYDF with 915 nm laser
at 0.6 W (below laser threshold). The ASE spectrum
peaks at around 1900 nm with 3 dB bandwidth of around
150 nm. Consequently, the TYDFL operates at 1948.4 and
1947.2 nm with 915 and 940 nm pumping, respectively,
as shown in Fig. 4. The peak power of the laser is also
www.lphys.org
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Figure 4 (online color at www.lphys.org) Output spectrum of
the laser at different pump wavelength. Inset shows the ASE
spectrum for TYDF using 0.6 W, 915 nm pumping
observed to be higher with 915 nm pumping compared to
that of the 940 nm pumping due to the same reason as
explained earlier. The peak signal-to-noise-ratios are ob-
tained at 50 and 40 dB with 915 and 940 nm pumping,
respectively. This is attributed to the population inversion
which is more efﬁcient with 915 nm pumping compared
to 940 nm pumping. These results show that the 915 nm
is the best pumping wavelength for the proposed TYDFL.
The efﬁciency of the proposed TYDFL can be further im-
proved by using a linear conﬁguration with ﬁber Bragg
gratings to reduce the cavity loss.
4. Conclusion
A double-clad TYDFL operating in 2 μm region is
demonstrated based on cladding pumping technique using
a newly developed TYDF. The ﬁber was drawn from
D-shape preform, which was fabricated using the MCVD
and solution doping processes. The fabricated ﬁber has
Tm3+ and Yb3+ ions concentrations of 5.55×1019 and
15.52×1019 ions/cc, respectively. The ﬁber laser operates
at wavelength of 1948.4 and 1947.2 nm with pump power
thresholds of 0.6 and 1.0 W for 915 and 940 nm pumping,
respectively. The maximum output power of 10.5 mW was
achieved with the 915 nm pumping at the maximum pump
power of 1.5 W. The slope efﬁciency of the laser is 1.14%,
which is more efﬁcient than 940 nm pumping. No lasing
action is observed with 980 nm pumping.
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